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PROBLEM 


Develop techniques for predicting characteristics of underwater signals and 
reverberation fields from environmental inputs. These techniques are inputs to performance 
prediction models, fleet tactics, sonar design, and force level studies. Specifically, examine 
the accuracy of expendable bathythermograph (XBT) system temperature profiles. This 
report contains a suite of accuracy studies based on 1961 460-m XBT profiles and 26 
1830-m XBT profiles collected between May 1971 and October 1975 during six Naval 
Undersea Center (now Naval Ocean Systems Center) propagation loss experiments. The 
measurements were made on 11 460-m systems and two 1830-m systems from four ships 
and two research platforms. 


RESULTS 


@ Properly functioning XBT systems may develop malfunctions while making a 
series of profiles and produce visually acceptable, but erroneous, temperature profiles. 
Other information, such as independent temperature measurements, is required to detect 
and identify such malfunctioning 460-m XBT systems. In these studies, independent 
surface temperatures were measured concurrently with 736 visually acceptable XBT profiles 
made on seven different 460-m systems. Surface temperature comparisons showed that two 
of the systems, after making a series of accurate profiles, developed malfunctions. Com- 
parison of 400-m temperatures showed that the malfunction did not result in a simple 
temperature displacement of the profile. Consequently, it produced profiles having system- 
atic errors in the vertical temperature gradients. The profiles made after the system 
malfunctioned were visually acceptable profiles. Of 736 profiles, 36.5 percent were made 
by the malfunctioning systems. 


® Of a total of 1961 attempted 460-m profiles, the following percentages apply: 


Visually acceptable to the maximum depth.......... 80.1% 
Rartiallyssuccessiuluaeiaene een tote aie 10.8% 
Gatastrophicstatlunesieciy wre ee eileen tenets 6.4% 
Miscellancoustralluresiia etek Dado 


® Of a total of 518 460-m XBT profiles made when the XBT systems were not 
malfunctioning, only 37.8 percent of those reaching 400 m satisfied 200-, 300-, and 400-m 
accuracy criteria at all three depths and 19.9 percent failed to satisfy the accuracy criteria 
at all three depths. The accuracy criteria were based on average hydrocast and STD/SV 
temperatures. 


@ Comparison of XBT temperatures with average hydrocast and STD/SV 
temperatures, quasisimultaneous STD/SV temperatures, and thermistor chain temperatures 
taken underway at 3 knots showed that the 460-m XBT systems measure, on the average, 
temperatures that were higher and vertical temperature gradients that were larger than 
those measured by the other systems. Once the profiles associated with the large differences 
were identified and removed from the data set, the remaining profiles accurately measured 
the temperature. For this data set, the average differences were near zero with standard 
deviations of 0.07°C to 0.13°C. 


® Cfa total of 559 profiles made when the XBT systems were not malfunctioning 
and also were reaching a minimum depth of 200 m, the 200-, 300-, or 400-m temperatures 
for 54 (9.7 percent) of the profiles exceeded the average hydrocast and STD/SV temper- 
atures by more than or equal to +0.50°C at one or more of the three depths. 


@ The data set included 26 attempts to make 1830-m XBT profiles. Of the 26 
attempts, 10 were successes, 7 were partial successes, 8 were catastrophic failures, and one 
exceeded the calibration correction. The catastrophic failures were so classified because of 
apparent temporary insulation failure in the upper 50 m. The measurements made at depths 
greater than the apparent insulation failures for some profiles appear accurate. However, 
use of these measurements without other confirming measurements for depths greater than 
the first insulation failure may result in some risk. 


@® “Runs” of consecutive XBT profiles were observed in which the temperature 
measurements are accurate within prescribed limits. However, the measurements do not 
vary randomly within these limits and form a statistical run of biased data. 


@ Anexamination of individual simultaneous pairs of visually acceptable 460-m 
profiles showed that many of the pairs differed by large amounts. Some of the pairs measured 
large differences starting in the near-surface layer with the differences being a variable func- 
tion of depth while others agreed identically in the near-surface layer and began to differ at 
some depth below the thermocline with the difference being an increasing function of depth. 


@ During the SUDS I experiments, 28 XBT profiles were judged by the observer to 
be visually acceptable and were digitized and transmitted to the Fleet Numerical Weather 
Center where they were used as inputs to predictions of Fleet sonar performance. Of the 
28 profiles, 15 were made in area C, where enough hydrocast and STD/SV measurements 
were taken to establish an average 200-, 300-, or 400-m temperature. Of the 15, 13 reached 
a depth of 400 m. Of those reaching 400 m, the percentages satisfying the 200-, 300-, and 
400-m accuracy criteria at the various depths were as follows: 


All three depths: 3, or 23.1% 


Two depths: 2, or 15.4% 
One depth: 35On2 3417 
No depths: By Ole Seon 


If this sample of 13 XBT profiles is representative of the data being transmitted to FNWC 
on a routine basis, the inclusion of many visually acceptable but actually erroneous measure- 
ments must certainly have an adverse effect on the accuracy of the acoustic predictions 
based on these measurements as inputs to the predictions. 


RECOMMENDATIONS 


® Asa result of its review of these studies, the Sippican Corp suggests that the 
following procedure be used for those applications requiring retention of full available 
system accuracy. 
“-.. calibrate with an A2A test canister whenever (1) a new 
roll of chart paper is installed, (2) at four-hour intervals during 
continuing drops, and (3) whenever the 2-second, midscale 
calibrate trace exceeds +.1°C from 16.7°C. In addition, a once 


per day check using an A4 XBT test box provides a quick 
indication of incipient launcher leakage before it becomes 
severe enough to affect system accuracy.” 


The preceding should be standard operating procedure for all users of Sippican’s XBT 
systems. If this is not possible, independent surface measurements should be made 
simultaneously with each XBT profile. These measurements may be used to check whether 
an XBT system is properly functioning. 


e@ Enter the identification number of the XBT probe carton on the XBT log. 


@ When it is recognized that a system has malfunctioned while making 


measurements, keep the configuration of that system intact. The Sippican Corp 
should be contacted promptly after the vessel returns to port, so that the cause of the 
system malfunction can be investigated. 

® Modify the XBT system to include a depth sensor that would measure a single 
depth independent of the drop time and provide an indication of this depth on the analog 
record. This measurement could be used to correct for depth bias. 

@ Develop a method or technique for identifying visually acceptable but gradient- 
biasing XBT profiles before they are used in any application and before they are archived. 

@ Investigate possible reasons why an XBT system can malfunction and still record 
visually acceptable but erroneous profiles. Once the reason, or reasons, are identified, 
modify the XBT system to eliminate the causes. 
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INTRODUCTION 


In the late 1930s, Spilhaus! developed the first successful instrument to measure 
temperature continuously as a function of depth in the upper 150 m of the ocean. This 
instrument was called a bathythermograph (BT), and the record it produced a bathytherm- 
ogram. The instrument was widely used by the US Navy’s antisubmarine forces during World 
War II. With increased civilian and naval interest in oceanography during the post-World 
War II years, the bathythermograph became a major instrument in acquiring information on 
the details of the distribution of temperature in the upper 275 m of the world’s oceans. 
During this time, many hundreds of thousands of BT temperature records were acquired. 
These records were first archived by the Naval Oceanographic Office and later by the 
National Oceanographic Data Center. Over the years, many of these analog records were 
digitized and presently form a major source of historical oceanic temperature data. 


In the late 1950s and early 1960s, a requirement by both the US Navy and the 
civilian oceanographic community for an instrument that was more accurate and had a 
greater depth capability developed. Asa result of this need, the concept of a lightweight, 
cheap, easy to use, expendable bathythermograph (XBT) was generated. By the early 
1960s, three companies — Francis Associates, Bissett-Berman, and Packard Electric — had 
developed expendable bathythermograph systems. 


In 1965, the US Navy organized a series of experiments to evaluate the accuracy, 
precision, and reliability of XBTs produced in the latter half of calendar year 1964 by the 
above three companies. The experiments were designed so a statistical analysis to compare 
the performance of the three XBT systems could be performed. The results of these exper- 
iments were reported by Arthur D. Little, Inc.- Asa result of these comparisons, the Navy 
selected the XBT system developed by Francis Associates and manufactured by the Sippican 
Corporation to replace the Spilhaus bathythermograph as the primary instrument to acquire 
temperature information in the upper few hundred meters of the ocean. 


To the author’s knowledge, the first operational use of the Sippican XBT system was 
during the first half of 1966 when the Scripps Institution of Oceanography used the system 
during the Boreas Expedition in the northern North Pacific and the Navy Electronics 
Laboratory used the system during the FASOR II acoustic experiments conducted in the 
northern and western North Pacific. Several hundred probes were provided to both Scripps 
and NEL. Although few useful temperature records were obtained during either cruise, 
several important shortcomings in the operational system were revealed. Subsequent 
correction of these weaknesses led to the system presently in use. 


In 1966, Arthur D. Little, Inc., published a report summarizing the operational 
characteristics and capabilities of the Sippican XBT system.” They made a critical examin- 
ation of the accuracy and precision required of environmental ocean measurements for 
improved sonar range prediction purposes and compared these requirements with the 
performance of the XBT system. Such items as cost effectiveness, temperature and 


1. Spilhaus, A.F., A Bathythermograph, Joumal of Marine Research, v 1, p 95-100, 1938. 

2. Arthur D. Little, Inc, Experimental Evaluation of Expendable Bathythermographs, Dept of the Navy, 
Bureau of Ships, NObsr-93055, Project Ser No SF-101-03-21, Task 11353, November 1965. 

3. Arthur D. Little, Inc, Expendable Bathythermograph (XBT) System Evaluation for Tactical 
Sonar Application, Dept of the Navy, Naval Ship Systems Command, NObsr-93055, Project 
Ser No SF-101-03-21, Task 11353, August 1966. 


temperature-gradient errors, sound-speed gradient errors, sink-rate and depth errors, and the 
adequacy of a temperature profile unaccompanied by a salinity profile for sonar range 
predictions were studied. 


In 1977, the Naval Research Laboratory published a memorandum report discussing 
subtle malfunctions of the 460-m (T-4 probes) XBT systems.* The report stated: 


‘Malfunctions such as that exhibited in this report have been 
observed, identified, and tallied in several multi-ship experi- 
ments. The results are rather startling, in that most of the 
T4 malfunctions actually are subtle and easily could slip by 
the uninformed operator.” 


Their analysis discusses possible causes of the malfunction. They also state that the 
malfunction was only positively identified in two batches of probes and that, “further 
extrapolation to it being a general Fleet problem is open to speculation.” 


On 22-23 October 1977, the Naval Underwater Systems Center conducted an 
accuracy study of the T-4 XBT probe. The primary purpose of the test was to identify 
which portions of Navy stock XBT probes were unsuitable for tactical Navy use. They 
used 1250 probes from Navy stock and 264 probes purchased from the manufacturer. They 
sorted the XBT profiles into five mutually exclusive categories. Two of the five categories 
were analogous to the XBT profiles that the Naval Research Laboratory study (ref 4) 
referred to as containing “subtle malfunctions.” A considerable number of the profiles 
were in these two categories. 


Beginning with the Naval Undersea Center’s Gulf of Alaska acoustic experiments in 
1971, the author began accumulating XBT temperature profiles as well as supporting 
temperature measurements, with the objective of examining the accuracy of routinely 
acquired XBT temperature profiles. The purpose of this publication is to report the results 
of these studies. 


This report includes discussions of the following studies of 460-m XBT system 
temperature measuring accuracy: 
a. Determination of system errors for the various temperature measurement 
systems used. 


b. Comparison of XBT surface temperature measurements with indepen- 
dent surface temperature measurements. 


c. Two comparisons of XBT measured temperatures with average hydrocast 
and STD/SV measured temperatures. 


d. Comparison of XBT measured temperatures with quasisimultaneous 
STD/SV measured temperatures. 


e. Comparison of XBT measured temperatures with simultaneous thermis- 
tor chain-measured temperatures. 


f. Discussion of selected individual XBT profiles. 


4. Naval Research Laboratory Memorandum Report 3612, Subtle T4 XBT Malfunctions, by J.P. Dugan 
and A.F. Schuetz, September 1977. 
5. Naval Underwater System Center, letter report Ser 8431-17, 13 February 1978. 
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g. Comparison of simultaneous XBT measurements. 


h. Analysis of the accuracy of a set of XBT profiles digitized and 
transmitted to the Fleet Numerical Weather Center for operational use. 


This report also includes a discussion of the accuracy of a limited number of 1830-m 
XBT profiles. 


For the reader who is not interested in the statistical details of the above studies, 
the summary near the end of the report provides a detailed and complete resume of the 
main text of the report. 


DATA BASE 


Expendable bathythermograph (XBT) temperature profiles, together with 
supporting hydrocast, STD/SV or CTD/SV, SVTP, thermistor chain, towed thermistor, 
and/or bucket thermometer temperature measurements, were made during the following 
acoustic experiments: 


a. Gulf of Alaska: 5 May—16 August 1971. 

be SUDSHE 8—24 February 1972. 

c. ORB-3: 12—18 December 1972. 

d. ORB-4: 15—21 February 1973. 

es (GARER: 18—31 August 1974. 

f. RAPLOC/DEEPTOW: 17—28 October 1975. 


The general locations of these sets of measurements are shown in figure 1. 


(ey) 


150 


GULF OF ALASKA 
5 MAY-16 AUGUST 1971 


SEATTLE 


LOS 
CAPER e ANGELES 
18-31 AUG 1974 


A 


ORB-3 — 12-18 DEC 1972 eta 


ORB — 15-21 FEB 1973 SUDS | 
RAPLOC/DEEPTOW 17-28 OCT 1975 8-24 FEB 1972 


140 120°N 


Figure 1. Location of XBT measurements. 


GULF OF ALASKA 


The Gulf of Alaska XBT measurements© were made from the USNS S.P. LEE in 
transit between San Diego, CA, and Kodiak, AK, and during eight acoustic experiments and 
two environmental surveys. The locations of these measurements are shown in figure 2. 
XBT measurements were made along the transit lines shown in figure 2a and at the locations 
labeled ABLE, CHARLIE, and PAPA, where acoustic experiments were conducted. The 
dashed lines in figure 2b, an enlargement of the area labeled INSET in figure 2a, show 
the tracks of the two environmental surveys with two of the eight acoustic experiments 


KODIAK 
ISLAND 


TRANSITION 
WATER 
MASS 


Figure 2a. Location of Gulf of Alaska XBT measurements. 


6. Naval Undersea Center TP 301, v II, Gulf of Alaska Sonar Tests April-August 1971: STD/SV, SVTP, 
and XBT Data Report, by E.R. Anderson and J.R. Lovett, August 1972. 
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conducted at location B and three at location A. The solid lines indicate the boundaries of 
a transitional water mass separating two distinct water masses designated as water mass 2 
and water mass 7. These two water masses are homogeneous with respect to oceanic 
parameters such as temperature, salinity, or sound speed. The purpose of the environmental 
surveys was to delineate the location of the boundaries of the transitional water mass in the 
vicinity ef the experiments made at locations A and B. Table | lists the experimental 
period, time interval, the number of XBT profiles attempted, and the number of hydrocast 
and STD/SV profiles. The XBT measurements were obtained when the same XBT system 
was used. The STD/SV profiles during environmental survey 2 and acoustic experiment A3 
were made by means of a Ramsey Engineering Company SVTP MK-I system. The remainder 
of the STD/SV profiles were made with a Plessey Environmental Systems 9040-4C profiling 
system. Surface temperatures were recorded continuously at Al, A2, A3, and during both 
environmental surveys, when a towed thermistor was used. 


Number of Profiles 


31 - 


Time 
Interval 


Location STD/SV 


In transit 5-14 May 
Bl 18-22 May 33 1! 5 
B2 26 May-6 June 5 
ES] 10-16 June 29 
Al 18-25 June 30 
A2 1-7 July 21 
ES2 7-9 July 10 
A3 16-21 July 14 
In transit 26-27 July - 
ABLE 27-29 July - 
In transit 29-31 July — 
CHARLIE 31 July-2 Aug = 
In transit 2-4 August = 
PAPA 4-7 August ~ 
In transit 7-16 August = 
TOTALS 626 8 114 
Table 1. Gulf of Alaska measurements. 
SUDS I 1972 


The SUDS* I 1972 XBT measurements were made at three locations off the coast 
of Southern California during 18 propagation loss runs (ref 7). The locations of these 
propagation loss runs are shown in figure 3 by the solid lines. The dashed lines show the 


*SUrface Duct Sonar measurements 


7. Naval Undersea Center TP 465, v I-V, Surface-Duct Sonar Measurements (SUDS I-1972): Oceano- 
graphic Measurements, by E.R. Anderson, February 1976. 
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surface locations of near-surface water mass boundaries that were crossed during certain 
of the runs. The XBT measurements were made from the USNS S.P. LEE, USNS DE 
STEIGUER, and the RV CAPE, with three different XBT systems. The XBT profiles by the 
LEE were made along the tracks shown in figure 3, while the DE STEIGUER and CAPE 
measurements were made with the vessel hove to and drifting during the propagation loss 
runs. Additional measurements were made in transit between the experimental areas and 
San Diego, and between the experimental areas themselves. Table 2 lists the number of 
XBT profiles attempted, as well as the number of hydrocasts and STD/SV profiles made by the 
three participating ships. The LEE STD/SV profiles were made by means of a Plessey 
Environmental Systems 90404C STD/SV profiling system; the DE STEIGUER profiles 
were obtained with a Ramsey Engineering Company SVTP MK-I system. 


Number of Profiles 


Ship Location Time Interval STD/SV 
89 3 


VEE Area A 8-12 February 
In transit 13-14 February 
Area B 14-16 February — 
In transit 16-19 February 1 
Area C 19-23 February 5 
In transit 23-24 February — 


DE STEIGUER In transit 7-8 February — 
Area A 8-13 February 1 
In transit 13-14 February — 
Area B 14-16 February 
In transit 16-18 February - _ 
Area C 18-23 February 3 
In transit 23-24 February ~ 


CAPE Area A 9-13 February — 
In transit 13-14 February ~ 
Area B 14-16 February - 
In transit 16 February _ 
Area C 19-23 February — 


TOTALS 163 1] V7 


Table 2. SUDS I-1972 measurements. 


In addition to the hydrocast and the STD/SV measurements, the LEE also measured 
temperature during all propagation loss runs by means of a towed thermistor chain. This 
system measures temperature, from the surface to 242 m, at 44 depths spaced 5.6 m apart 
every 10 s, with a resolution of 0.03°C and an estimated accuracy of 0.1°C. Since the system 
measures a temperature profile every 10s, simultaneous XBT and thermistor chain measure- 
ments were obtained. On 23 February 1972, with the thermistor chain vertical in the 
water (zero tow speed), five XBT profiles were obtained. In addition, during the propaga- 
tion loss runs, the LEE, towing the thermistor chain at 3 knots, made 153 XBT temperature 
profiles. These two data sets provide measurements for special accuracy studies. 


ORB-3 AND ORB-4 


The ORB-3 and ORB-4 measurements were made off the coast of Southern 
California during December 1972 and February 1973 at the locations shown in figure 4 
(references 8 and 9). The XBT measurements were all made from the Marine Physical 
Laboratory research platform, the ORB. Measurements were made under tow at 5 knots 
along the tracks shown in figure 4 and at anchor at the locations shown by the solid tri- 
angles. The dashed line shows the surface location of a boundary between two different 
near-surface water masses. All measurements during ORB-3 were simultaneous and were 
made on two independent XBT systems. These systems are designated A and B in the 
following discussion. The measurements provide data for a special relative accuracy study. 
Table 3 lists, for each experiment and each XBT system used, the time interval, the number 
of in-transit and at-anchor XBT profiles attempted, and the number of STD/SV profiles. 
The STD/SV profiles were all made with Plessey Environmental Systems STD/SV sensors. 


8. Reference available to qualified requesters. 
9. Reference available to qualified requesters. 
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Number of Profiles 


23 33 


XBT 
System 


STD/SV 


Experiments Time Interval 


ORB-3 12-18 December 
23 33 
ORB-4 15-21 February 27 16 
TOTALS 73 164 28 
Table 3. ORB-3 and ORB-4 measurements. 
CAPER* 


The CAPER measurements were made off the west coast of Southern California 
during six propagation loss runs (reference 10). The locations of these runs are shown by 
the solid lines in figure 5. The dashed lines show the locations of near-surface water mass 
boundaries crossed by the indicated runs, and the solid square shows the location of the 
anchored FLIP, the receiving platform used during the propagation loss runs. XBT 
profiles were made along the propagation loss tracks, shown in figure 5, by the USNS DE 
STEIGUER, by the FLIP, and by the R/V MOANA WAVE in the vicinity of the propaga- 
tion loss runs. Hydrocast and CTD/SV measurements were also made by the MOANA 
WAVE. The CTD/SV measurements were made with a Plessey Environmental Systems 
90404C CTD/SV profiling system. Table 4 lists the number of XBT profiles attempted by 
the DE STEIGUER, MOANA WAVE, and FLIP, as well as the number of hydrocast and 
CTD/SV measurements made by the MOANA WAVE. The. FLIP measurements were 
made with an 1830-m XBT system. In addition, when each XBT profile was made, an 
independent surface temperature was measured with a bucket thermometer. 


*Combined Acoustic Propagation in EASTPAC Region. 
10. Naval Undersea Center TP 485, Combined Acoustic Propagation in EASTPAC Region (Exercise 
CAPER): Sound-Speed Profiles, by E.R. Anderson and P.G. Hansen, September 1975. 
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Figure 5. Location of CAPER XBT measurements. 


Number of Profiles 


Ship/Platform Time Interval CTD/SV 


DE STEIGUER 25-31 August 


MOANA WAVE 18-31 August 2 
i 

2 

FLIP 21-31 August _ 
TOTALS 362 3 22 


Table 4. CAPER measurements. 


RAPLOC/DEEPTOW 


The RAPLOC/DEEPTOW measurements were made off the coast of Southern 
California during October 1975 at the location shown in figure 4. The XBT measurements 
were all made from the Marine Physical Laboratory research platform ORB. Measurements 
were made at anchor at the location shown by the solid square and under tow at 5 knots 
along the track shown as a solid line. Three independent XBT systems, comprising two 
460-m systems (designated as A and B) and one 1830-m system (designated as C), were used 
to make simultaneous measurements. These provide data for a special relative accuracy 
study. Table 5 lists, for each XBT system, the time interval, the number of at-anchor 
and in-transit XBT profiles attempted on each system, and the number of CTD/SV profiles. 
The CTD/SV profiles were made with a Plessey Environmental Systems 9040-4C profiling 
system. In addition, independent surface temperatures were measured with a bucket 
thermometer. 


Number of Profiles 


XBT 
System 


Time Interval 


17-30 October 
17-28 October 
17-28 October 


49 
18 


TOTALS 15 134 11 


Table 5. RAPLOC/DEEPTOW measurements. 


SUMMARY 


During six acoustic experiments conducted between 1971 and 1975, a total of 1987 
XBT temperature profiles were acquired. Of this total, 26 were made with 1830-m XBT 
systems and the balance, 1961 profiles, were made with 460-m XBT systems. Included were 
special sets of measurements to provide data for several absolute and relative temperature- 
accuracy studies. The measurements were made on 11 different 460-m and two different 
1830-m systems from four ships — LEE, DE STEIGUER, MOANA WAVE, and CAPE — 
and two Scripps Institution of Oceanography research platforms — ORB and FLIP. Therm- 
istor chain profiles were made during the SUDS I experiments and surface temperatures 
were measured during the Gulf of Alaska experiments by means of a towed thermistor, and 
during CAPER and RAPLOC/DEEPTOW by means of a bucket thermometer. In addition, 
22 hydrocasts and 192 STD/SV, CTD/SV, or SVTP profiles were acquired. Many of these 
measurements were quasisimultaneous with XBT measurements. These measurements were 
made for the purpose of calibrating the XBT systems to a common temperature standard. 


SIPPICAN XBT CHARACTERISTICS AND OPERATIONAL PROCEDURES 


All XBT temperature profiles used in this accuracy study were obtained with 
Sippican Corporation XBT systems. The system consists of a temperature probe, launcher, 
and recorder. The Sippican System measures temperature with a thermistor bead sensor and 
depth by measuring time. Time is converted to depth by knowing the rate of fall of the 
temperature probe through the water. According to the Sippican Corporation, the range of 
measurement and the system accuracy for the XBT system are as follows: 


Temperature: -1.7 to 35.6°C £0.2°C 


Depth: 0 to 230 m +4.6m 
>230 m +2.0%. 


According to Mr R.P. Demeo, Manager, Quality Assurance and Reliability Engineering, 
Sippican Corporation, the +0.2°C system temperature accuracy is considered to be an 
absolute accuracy and is not to be interpreted as equivalent to a standard deviation in the 
statistical sense (personal communication). The output of the XBT system is an analog 
record consisting of a continuous trace of temperature as a function of depth from the 
surface to 460 m or 1830 m. The length of the -2.0-to-35.0°C temperature scale is 17.42 cm, 
of the 0-to-460-m depth scale 12.26 cm, and of the O-to-1830-m depth scale 49.17 cm. 


The recorder is controlled by an automatic program which is initiated by inserting 
an XBT probe into the launcher. Closing the launcher breech completes a circuit between 
the probe and the recorder and triggers the recorder into a check/run mode. The chart 
drive operates for about 2 s and records a calibration temperature of 16.7°C +0.1°C. The 
chart drive then stops in the launch mode, but starts again in the measure mode when the 
temperature probe is released and enters the water. During 88 s (460-m probe) or 358 s 
(1830-m probe), the temperature versus depth profile is recorded and the chart drive stops 
in the reload mode. 


Before a series of XBT measurements, or at weekly intervals when measurements 
are being made over a period of time, a calibration check of the complete system is required. 
A test canister is loaded into the launcher, and the system is run through the operating 
cycle. At the start of the cycle, the chart drive will operate for about 2 s, marking a 
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16.7°C +0.1°C temperature on the chart. The chart drive will then stop. On the test panel 
of the recorder is a switch with -1.1°C and 34.4°C positions. Pressing the switch to the 
-1.1°C position should record a temperature of -1.1°C +0.1°C, and pressing the switch to 
the 34.4°C position should record a temperature of 34.4°C +0.1°C on the chart. If these 
temperatures are not recorded, the entire system must be recalibrated according to 
procedures described in the operating manual. 


XBT PERFORMANCE SUMMARY 


Table 6 summarizes the performance of the XBT systems used to obtain each of 
the data sets. Shown for each XBT system are the number of attempted XBT profiles, 
catastrophic failures, miscellaneous failures, successes, partial successes, and visually 
acceptable XBT profiles. 


Equipment Platform Attempts CF ME S PS VA 
GULF OF ALASKA | LEE 626 1D 34 531 49 580 
SUDS I LEE 318 35 4 254 25 279 

DE STEIGUER 185 NW 0 149 19 168 

CAPE 110 11 l 78 20 98 

ORB-3 ORB-A 56 4 0 44 8 52 
ORB-B 56 5 0 45 6 51 

ORB-4 ORB 125 3 0 103 19 122 
CAPER DE STEIGUER 177 15 FT 115 40 155 
MOANA WAVE 177 19 6 131 21 152 

FLIP Re l 0 7 0 7 

RAPLOC/DEEPTOW | ORB-A 82 4 0 16 9) 78 
ORB-B 48 l 0 45 3 48 

ORB-C 184 7 0 3 8 11 

TOTALS 1987 134 52 USSi) 2200 SOW 


PERCENT ATTEMPTED — 6.7 2.6 79.6 11.1 90.6 


CF = Catastrophic Failure: | No usable measurements for depths greater than 50 m. 
MF = Miscellaneous Failure: Failed because of operator error, wire blowing against ship, etc. 
S = Success: Visually acceptable to maximum depth. 


PS = Partial Success: Visually acceptable to a depth greater than 50 m but less than the 
maximum depth. 


VA = Visually Acceptable: | The sum of the success and partial success. No basis for rejecting as 


incorrect, based on a visual inspection of the analog record. 


41830-m XBT profiles. 


Table 6. XBT performance summary. 
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The Gulf of Alaska data list 34 miscellaneous failures. Some of these may be 
catastrophic failures since the records of all catastrophic failures were not preserved. The 
missing profiles are considered miscellaneous failures because their precise status cannot 
be determined. 


Of a total of 1987 attempts, 134 (6.7%) were catastrophic failures, 220 (11.1%) 
were visually acceptable to depths between 50 m and the maximum depth, and 1581 
(79.6%) were visually acceptable to the maximum depth. 


Figures 6, 7, and 8 are examples of a catastrophic failure, a partial success and a 
success, respectively. Figure 6 is an example of a catastrophic failure, as indicated by the 
3.5°C increase in temperature from 5 to 26 m. Figure 7 is an example of a partial success. 
This profile gives visually acceptable temperatures from the surface to 89 m. Temperatures 
for depths greater than 89 m are obviously incorrect. Figure 8 is an example of a success. 
This trace gives visually acceptable temperatures from the surface to the maximum depth 
of 460 m. In the absence of any other information, there is no valid reason to reject this 
profile as incorrect. Also shown in each figure is the 16.7°C calibration check. 
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Figure 6. Example of a catastrophic failure. 
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Figure 7. Example of a partial success. 
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Figure 8. Example of a success. 
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SYSTEM MEASUREMENT ERRORS 


The primary temperature standard for this study is comprised of the hydrocast 
temperature measurements. Several complete hydrocasts were made during the Gulf of 
Alaska, SUDS I, and CAPER experiments. During the RAPLOC/DEEPTOW experiments, 
no complete hydrocasts were obtained. However, on nine CTD/SV profiles, a hydrocast 
sampling bottle and thermometers were attached to the CTD/SV cable just above the 
CTD/SV sensor package. At the maximum depth of the CTD/SV profile, a hydrocast 
temperature and depth measurement were obtained. In addition, a water sample was taken 
to provide a salinity measurement. Simultaneous CTD/SV temperature, salinity, and depth 
measurements were made. Similar measurements also were made on some of the Gulf of 
Alaska and SUDS I STD/SV profiles and on some of the CAPER CTD/SV profiles. No 
hydrocast measurements were made during the ORB-3 and ORB-4 experiments. For these 
data sets, the STD/SV sensor measurements are used as the standard for determining the 
XBT system errors. 


This section compares the STD/SV, CTD/SV, SVTP, XBT, thermistor chain, towed 
thermistor, and bucket thermometer temperatures with the hydrocast measurements, and 
determines the corrections required to bring these measurements into agreement with the 
hydrocast measurements. The corrections are referred to as system errors. Once a system 
error is determined, it is used in all subsequent comparisons. Thus all system errors deter- 
mined in the following analyses are referenced to the hydrocast temperatures. 


The generally accepted accuracy of the hydrocast temperature measurement is 
3002 7(C. 


STD/SV, CTD/SV, AND SVTP SYSTEM ERRORS 


During the Gulf of Alaska experiments, temperature accuracy checks were obtained 
on three hydrocasts and, at maximum depth, on seven STD/SV profiles. Table 7 summar- 
izes the differences between STD/SV temperatures and hydrocast temperatures for depths 
greater than or equal to 1000 m. To obtain the right-hand column of differences, the 
hydrocast sample bottles and thermometers were attached on the same cable as the STD/SV 
sensor package. Thus these differences are the result of essentially simultaneous sets of 
measurements. Table 8 summarizes the seven temperature comparisons obtained at the 
maximum profile depth. On STD/SV 40, two sample bottles were placed one above the 
other to obtain the two independent comparisons. An inspection of the differences tab- 
ulated in tables 7 and 8 shows that for depths greater than or equal to 1000 m, the differ- 
ences vary randomly about 0.00°C. It is concluded that the Gulf of Alaska STD/SV system 
error is zero. 


No hydrocast measurements were made at the time the Gulf of Alaska SVTP 
measurements were made, so no direct comparisons between hydrocast and SVTP measure- 
ments were possible. In water mass 2, the temporal and spatial variability in temperature 
for depths greater than 200 m was small. The maximum depth of the SVTP profiles was 
600 m. At this depth, the average of 15 SVTP measurements was 3.32°C with a standard 
deviation of 0.04°C. The average of 41 STD/SV measurements was 3.29°C with a standard 
deviation of 0.03°C. On the average, at 600 m, the SVTP measured a water temperature 
0.03°C higher than the STD/SV. It is concluded that the Gulf of Alaska SVTP system 
error is -0.03°C. 


Differences, °C (STD/SV — Hydrocast) 


Depth, 


1000 -0.01 
1200 -0.02 
1500 0.01 
2000 0.00 
2500 0.01 
3000 0.01 
3500 0.01 


Note: The heading for each column of differences is the time in hours (h) 
and minutes (min) that the STD/SV profile was taken with respect 
to the applicable hydrocast. 


Table 7. Comparison of Gulf of Alaska STD/SV and hydrocast 
temperature measurements. 


Temperature °C 


Difference 


Table 8. Comparison of Gulf of Alaska STD/SV and reversing 
thermometer temperatures at maximum profile depth. 


9)9) 


During the SUDS I experiments, temperature accuracy checks were obtained on six 
hydrocasts and at maximum depth on two STD/SV profiles. Tables 9 and 10 summarize 
the results of a comparison between temperatures measured at depths greater than or equal 
to 2000 m by the STD/SV system and the hydrocast. An inspection of these data shows 
that for depths greater than or equal to 2000 m, the STD/SV gives temperatures that are 
consistently lower than the hydrocast temperature measurements. The average difference 
for the differences tabulated in tables 9 and 10 is -0.02°C. It is concluded that the SUDS I 
STD/SV system error is 0.02°C. 


Differences, °C (STD/SV — Hydrocast) 


Depth, 


Table 9. Comparison of SUDS I STD/SV and 
hydrocast temperature measurements. 


STD/SV Temperature, °C 


Number Difference 


Table 10. Comparison of SUDS I STD/SV and reversing thermometer 
temperatures at maximum depth. 


The original CAPER plan included several quasisimultaneous CTD/SV profiles 
and hydrocast measurements. Because of the failure of the CTD/SV depth sensor, only 
one set was obtained — hydrocast 1 and CTD/SV 25, taken 5 h 55 min apart in time (see 
reference 10 for a detailed analysis of the CAPER CTD/SV measurements). 


Table 11 compares, for depths greater than 1200 m, these two sets of measurements. 

At all depths, the CTD/SV temperature measurement was less than the hydrocast measure- 
ment. For three of the depths greater than 1200 m, where time and space variations were 
small, the CTD/SV temperature was 0.02°C lower than the hydrocast temperature, while 
for one depth it was 0.06°C less. During the SUDS I experiments (reference 7), the same 
CTD/SV temperature sensor was used. As noted above, the SUDS I STD/SV temperatures 
were also 0.02°C lower than the hydrocast temperatures. It is concluded that the CAPER 
CTD/SV system error is 0.02°C. 


Temperature °C 


CTD/SV 25 Hydrocast 1 
27 August 0030LST 26 August 1838LST 


Difference 


-0.02 
-0.06 
-0.02 
-0.02 


Table 11. Comparison of CAPER CTD/SV 25 and hydrocast 1 
temperature measurements. 


During RAPLOC/DEEPTOW, 18 hydrocast temperature measurements were 
obtained simultaneously with nine CTD/SV temperature measurements by attaching two 
sets of reversing thermometers on the CTD/SV cable just above the CTD/SV sensor package. 
These comparisons are summarized in table 12. An inspection of these data shows that the 
CTD/SV temperatures are consistently higher than the hydrocast temperatures. The average 
of the 18 comparisons was 0.01°C with a standard deviation of 0.01°C. It is concluded 
that the RAPLOC/DEEPTOW CTD/SV system error is -0.01°C. 


Temperature °C 


Difference 


Table 12. Comparison of RAPLOC/DEEPTOW CTD/SV and 
reversing thermometer temperatures at maximum depth. 
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XBT SYSTEM ERRORS 


It is common practice to read temperatures visually from the XBT analog recording. 
With practice, it is possible to read the profiles to a temperature accuracy of +0.2°C and 
a depth accuracy of +2 m. However, for this analysis, the profiles were all read by means 
of a Hewlett-Packard digitizing system that consisted of an HP9830A calculator, an 
HP9864A digitizer, and an HP9866A printer. The HP9864A digitizer measures to the 
nearest 0.01 inch in x and y. Over a temperature range of -2.0°C to 35.0°C, this translates 
to a temperature digitizing accuracy of 0.055°C; and over a depth range of 0 to 460 m or 
1830 m, to a depth digitizing accuracy of 0.95 m. All temperatures were recorded to the 
nearest 0.01°C and the depth to the nearest 1.0m. The digitizing programs are listed in 
appendix A. 


According to Sippican Corporation (personal communication): “‘No trace should be 
used if the calibration line deviates from 62.0°F (or 16.7°C) by more than 0.5°F (or 0.3°C). 
If the deviation falls between 0.2°F and 0.5°F (or 0.1°C and 0.3°C), the calibration line 
must be used as reference to avoid significant errors in temperature computation.” The 
digitizing programs listed in appendix A use the calibration line as a reference. In the data 
set used in this study only seven Gulf of Alaska, four SUDS I, and four RAPLOC/DEEPTOW 
profiles had calibration line deviations that exceeded +0.34°C (+0.3°C to the nearest 
0.1°C). These profiles will be noted at appropriate places in the analysis to follow. 


The manufacturer states that the absolute value of the accuracy of the XBT system, 
to the nearest 0.1°C, is 0.2°C. In any statistical analysis that requires an estimate of the 
accuracy of a measurement, it is more useful to have the accuracy specified as a standard 
deviation. The following rationale is used to obtain an estimate of the standard deviation 
of the XBT system. Since, in this study, all XBT temperatures are read and recorded to the 
nearest 0.01°C, the absolute accuracy may be interpreted to be +0.24°C (+0.2°C to the 
nearest 0.1°C). Fora sample drawn from a normal population, plus or minus two standard 
deviations includes 95% of the sample. If it is assumed that +0.24°C is equal to two 
standard deviations, then an estimate of the standard deviation for XBT measured temper- 
atures is +0.12°C. In the discussion to follow, the standard deviation of the XBT system is 
assumed to be +0.12°C. 


Procedure for Determining XBT System Error 


Perhaps the most accurate way to determine the XBT system error in the field is to 
make several simultaneous XBT and STD/SV profiles. Since the temperature measurements 
used in these studies were made in support of acoustic propagation loss experiments, the 
making of several simultaneous profiles was not generally possible. As a result, it was 
necessary to devise an alternative method. All the visually acceptable XBT profiles made in 
water masses where hydrocast and/or STD/SV measurements were made are used to estab- 
lish the XBT system errors. These profiles were processed as follows: 


1. Compute the average 200-, 300-, and 400-m hydrocast and/or STD/SV 
temperatures for all hydrocast and STD/SV temperature measurements made in the same 
near-surface water mass. 


2. Read XBT profile temperature at 200, 300, and 400 m, applying any indicated 
temperature and/or depth corrections. 


3. Establish a preliminary XBT system error by comparing XBT 200-, 300-, and 
400-m temperatures with the hydrocast and/or STD/SV* temperature for quasisimultaneous 
measurements.** In making this comparison, the appropriate STD/SV system errors are 
applied. If no comparisons were available, the preliminary system error was assumed to 
be zero. 


4. Establish the following 200-, 300-, and 400-m temperature accuracy criterion 


interval for each XBT system: T -e + si at S, where T is the average hydrocast and/or 
STD/SV temperature for a given water mass, e is the preliminary XBT system error, sj is 
the standard deviation of the average hydrocast and/or STD/SV temperature, and 

85 = 0.12°C, the standard deviation of the XBT system measurement accuracy. 


5. Compare each 200-, 300-, and 400-m XBT temperature with the accuracy 
criterion interval to determine whether the criterion is satisfied. 


6. For each XBT system, compute the average 200-, 300-, and 400-m temper- 
ature for all XBT profiles that satisfy the accuracy criterion at all three depths. *** 


7. Compare the average 200-, 300-, and 400-m XBT profile temperature with 
the average hydrocast and/or STD/SV temperature to establish a final XBT system error. 


Average Hydrocast and/or STD/SV Temperatures 


The primary standards for comparison are the average temperatures measured by the 
hydrocast and the STD/SV. Execution of step 1 establishes these temperatures. 


Since the temperature profile in the upper few hundred meters is different in 
different water masses, it was necessary to first determine whether more than one water 
mass was present in the area where the XBT profiles were obtained. In the Gulf of Alaska 
area, three water masses were present. These were designated water mass 2, water mass 7, 
and transition water mass (figure 2 and reference 11). The SUDS I data set includes 
measurements made in areas A and C in different water masses (figure 3 and reference 7). 
Since no hydrocasts or STD/SV measurements were made in area B, the area B XBT profiles 
are not included in this study. The CAPER measurements were made in four water masses 
designated water masses 1, 2, 3, and 4 (figure 5 and reference 10). Since only one STD/SV 
measurement was made in water mass 4, no average temperatures could be established for 
this water mass. The ORB-3, ORB4, and RAPLOC/DEEPTOW measurements were made in 
two water masses designated | and 2 (figure 4 and reference 8 and 9). However, most of the 
measurements were made at anchor in water mass 2. The average temperature (T), the 
number of observations (n), and the standard deviation (s) of the hydrocast and STD/SV 
200-, 300-, and 400-m measurements are summarized in table 13. 


*In the discussion to follow, the designation STD/SV will be used collectively to refer to the STD/SV, 
CTD/SV, and SVTP measurements. 
**The independent surface temperature measurements are not used in this analysis because of the 
difficulty of measuring precisely the surface temperature (see p 30-31 for detailed discussion). 
***The most accurate XBT profiles are the subset of the complete set of profiles that satisfies the accuracy 
criterion at all three comparison depths. This subset is used to establish the final XBT accuracy criteria. 
11. Reference available to qualified requesters. 


200 m 300 m 400 m 


Fc cal ie (rt a 


GULF OF ALASKA 

Water mass 2 65 3.83 | 0.04 | 65 | 3.73 | 0.04 | 65 | 3.60 | 0.04 

Transition water mass 20 4.10 | 0.21 | 20 | 3.88 | 0.09 |} 20 | 3.74 | 0.07 

Water mass 7 8 4.62 | 0.67 8 | 4.09 | 0.32 8 | 3.87 | 0.20 
SUDS I 1972 

Area A 9 110.26 | 0.12 8 | 9.45 | 0.19 7 | 8.31 | 0.30 

Area C 10 9.76 | 0.19 | 10 | 7.87 | 0.10 } 10 | 6.62 | 0.09 
ORB-3 4 8.65 | 0.08 4 | 7.40 | 0.12 4 | 6.34 | 0.04 
ORB-4 8 9.26 | 0.19 7 | 7.64 | 0.14 6 | 6.44 | 0.09 
CAPER 

Water mass | 2 9.38 | 0.08 2 | 7.56 | 0.06 2 | 6.09 | 0.06 

Water mass 2 15 SAMOM OMG HAS 747) | OSS se 6e20K O12 

Water mass 3 3 9.91 | 0.29 B62 OLS 3) (O22) O13 
RAPLOC/DEEPTOW 11 8.70 | 0.12 | 11 | 7.22 | 0.12 | 11 | 6.25 | 0.04 


Table 13. Summary of average hydrocast and STD/SV 200-, 300-, 
and 400-m temperatures. 


Preliminary XBT System Errors 


Execution of steps 2 and 3 establishes the preliminary system errors. Table 14 
lists, for each XBT system, the number of comparisons and the minimum and maximum 
time in minutes between the XBT and hydrocast or STD/SV measurements. The prelim- 
inary XBT system error is the average of the indicated number of differences. For those 
systems where there were no comparisons, the preliminary system error was assumed 
to be zero. Table 15 summarizes the average preliminary system errors and the standard 
deviations from the average. The temperature difference is the average 200-, 300-, and 
400-m difference between the hydrocast or STD/SV temperature and the XBT profile 
temperatures. 


Final XBT System Errors 


Execution of step 4 establishes a 200-, 300-, and 400-m accuracy criterion for each 
XBT system. Step 5 compares the 200-, 300-, and 400-m temperature for individual XBT 
profiles with the appropriate accuracy criterion to determine whether the XBT temper- 
ature satisfied the accuracy criterion. 


In step 6, the average 200-, 300-, and 400-m temperature for all XBT profiles that 
satisfied the accuracy criterion at all three depths is computed for each XBT system. Finally, 
in step 7, the average XBT temperatures are compared with the average hydrocast and/or 
STD/SV temperatures listed in table 13 to establish a final average XBT system error. 
These final system errors are listed in table 16. The system error is added algebraically to 
all XBT profile temperatures to bring the XBT temperature into agreement with the hydro- 
cast and STD/SV temperatures. Note that some of the system errors are substantial, varying 


Numbenok Time Interval, min 


Comparisons Minimum Maximum 


GULF OF ALASKA 


SUDS I 1972 
LEE 47 
DE STEIGUER 50 
CAPE 
ORB-3 
System A 15 
System B 28 
ORB4 45 
CAPER 
DE STEIGUER 
MOANA WAVE 83 
FLIP 
RAPLOC/DEEPTOW 
System A 10 
System B 10 
System C 6 


Table 14. Summary of time intervals between quasisimultaneous XBT and 
hydrocast or STD/SV temperature measurements. 


Temperature Standard 
Difference, °C Deviation, °C 
GULF OF ALASKA 0.15 
SUDS 11972 
LEE 0.19 
DE STEIGUER 0.21 
CAPE 
ORB-3 
System A 0.21 
System B 0.09 
ORB4 0.24 
CAPER 
DE STEIGUER 
MOANA WAVE 0.09 
FLIP 
RAPLOC/DEEPTOW 
System A 0.18 
System B 0.16 
System C 0.13 


Table 15. Preliminary XBT system errors. 


28 


Temperature Temperature 
Difference, °C 


Difference, °C 


GULF OF ALASKA ORB-4 0.02 
SUDS I 1972 CAPER* 
LEE -0.05 DE STEIGUER 0.03 
DE STEIGUER 0.23 MOANA WAVE 0.12 
CAPE 0.05 FLIP - 
ORB-3 RAPLOC/DEEPTOW 
System A 0.11 System A -0.11 
System B 0.09 System B -0.16 
System C -0.19 


*Not enough measurements to establish a final system error for FLIP. 


Table 16. Final XBT system errors. 


from -0.19°C to 0.23°C. These errors are fixed and not random. The random errors are 
the errors associated with repeated measurements made with the same system. To be 
certain that the absolute value of the temperatures recorded by a given XBT system is 
accurate, it appears necessary to determine the XBT system error. To do this, independent 
and simultaneous temperature measurements are required. In the absence of these latter 
measurements, the absolute value of the XBT recorded temperature is questionable if 
accuracies in the average temperatures of better than about +0.2°C are required. 


THERMISTOR CHAIN SYSTEM ERROR 


The thermistor chain is a towed device used for measuring temperatures from the 
surface to a maximum depth of 242 m. It consists of 44 thermistors spaced 5.6 m apart, 
plus associated shipboard equipment consisting of a winch and the necessary electronics for 
recording the temperature as measured by the 44 thermistors. The instrument is designed to 
measure a vertical temperature profile every 10 s with a resolution of +0.03°C and an 
estimated accuracy of about +0.1°C. 


During SUDS I, temperatures were measured simultaneously by the thermistor 
chain hanging vertically in the water (zero tow speed) and the STD/SV system (reference 7). 
STD/SV 3 was made to a depth of 312 m in 10 min, starting at 0415 LST on 12 February 
1972. STD/SV 3 reached a depth of 242 m, the maximum depth of the thermistor chain 
measurements, in 8 min at 0423 LST. During the period 0418-0422 LST, the chain made 
27 scans of its sensors. Figure 9 summarizes the results of a comparison between these two 
sets of measurements. The left-hand figure is a plot of STD/SV 3 at the thermistor chain 
sensor depths.* The right-hand figure shows the differences between the average thermistor 
chain measurements and the STD/SV 3 measurements at the same depths. Two features are 
of interest. One is the relatively large differences from 96 to 124 m. These differences are 


*The STD/SV system measures temperature every 0.2 s and records the measurements on magnetic tape. 
On the original tape the temperatures were missing at the depths where no temperatures are plotted in 
figure 9. 
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related to the strong negative temperature gradients observed between 73 and 135m. A 
small change in depth changes the temperatures considerably. For example, the temper- 
ature difference of -0.47°C at 101 m can be accounted for by a depth change of about 3 m. 
The second feature is that from the surface to 73 m and from 147 to 242 m, where the 
temperature gradients are small, eight of the differences are negative and 23 are positive or 
zero. The average difference for these two layers is 0.01°C. It is concluded that the 
SUDS I thermistor chain system error is -0.01°C. 


TOWED THERMISTOR SYSTEM ERROR 


During the Gulf of Alaska experiments conducted at Al, A2, A3, and during both 
environmental surveys, a towed thermistor sensor recorded surface temperatures. During 
environmental survey 1, Al, and A2, 61 STD/SV profiles were made. During environmental 
survey 2 and A3, 22 SVTP profiles were made. In both series, simultaneous towed ther- 
mistor measurements were recorded. These measurements provide the data needed to 
determine the towed thermistor system error. 


Figure 10 is a histogram that compares the towed thermistor measurements with 
the STD/SV (diagonal lines) and SVTP (dotted) surface temperature measurements. 
Shown, for 0.05°C temperature intervals, is the number of differences in the indicated 
interval. The average difference for the STD/SV comparison was 0.08°C with a standard 
deviation of 0.05°C; for the SVTP comparison, the average difference was -0.11°C with a 
standard deviation of 0.08°C. Thus the towed thermistor system error shifted by 0.19°C 
between the A2 and environmental survey 2 measurements. This could possibly be related 
to a recalibration of the towed thermistor system between the A2 and the environmental 
survey 2 measurements. At any rate, it is concluded that the towed thermistor system 
error was -0.08°C during environmental survey 1, Al, and A2, and 0.11°C during environ- 
mental survey 2 and A3. 


NUMBER DIFFERENCES 


STD/SV 


-0.20 0 +0.20 


TEMPERATURE DIFFERENCE ac 


Figure 10. Comparison of Gulf of Alaska towed thermistor surface temperatures with STD/SV 
and SVTP surface temperatures. 


MERCURY-IN-GLASS THERMOMETER ERRORS 


During the CAPER and RAPLOC/DEEPTOW experiments, independent surface 
temperatures were measured with a mercury-in-glass thermometer. Temperatures were 
measured on deck immediately after a seawater sample was drawn with a bucket. Temper- 
atures determined in this manner are referred to as ‘“‘bucket temperatures” and the 
thermometer is referred to as a “bucket thermometer.” 


During CAPER, bucket temperatures were measured by both the DE STEIGUER 
and the MOANA WAVE. Eighteen comparisons of bucket and CTD/SV surface tempera- 
tures were made from the MOANA WAVE. For these comparisons, the bucket temperatures 
were consistently higher than the CTD/SV temperatures. The average difference was 0.04°C, 
with a standard deviation of 0.09°C. No CTD/SV measurements were made concurrent 
with the DE STEIGUER bucket temperatures. However, XBT profiles were made concur- 


Ww 
ire) 


rently with 151 bucket temperatures. XBT surface temperatures, corrected for the XBT 
system error, were compared with the bucket temperatures. The results of these com- 
parisons are summarized in figure 11. On the average, the bucket temperatures were 
0.04°C, with a standard deviation of 0.10°C, which was higher than the corrected XBT 
surface temperatures. The differences varied from -0.22°C to 0.24°C. 


During RAPLOC/DEEPTOW CTD/SV, surface temperatures were measured 
concurrently with 11 bucket temperatures. These comparisons showed that the bucket 
temperatures were higher than the CTD/SV measured temperatures. The average of the 11 
comparisons was 0.07°C, with a standard deviation of 0.05°C. 


It is concluded that the CAPER bucket thermometer errors were -0.04°C for both 
the MOANA WAVE and DE STEIGUER thermometers, and that the RAPLOC/DEEPTOW 
bucket thermometer error was -0.07°C. 


SUMMARY 


In this study, the primary temperature standard is the hydrocast temperature 
measurements and the secondary standard is the STD/SV temperature measurements. 
During ORB-3 and ORB-4 experiments, no hydrocast measurements were made. The 
STD/SV measurements are used to determine the XBT system errors for the XBT systems 
used during these experiments. Table 17 tabulates the errors for the various measurement 
systems used to measure seawater temperature. These errors are added algebraically 
to the measured values to bring them into agreement with the hydrocast and STD/SV 
measurements. 


Errors, °C 
GULF OF ALASKA STD/SV 0.00 
SVTP -0.03 
XBT -0.17 
Towed Thermistor 1 0.08 
Towed Thermistor 2 -0.11 
SUDS I STD/SV 0.02 
XBT: LEE -0.05 
DE STEIGUER 0.23 
CAPE 0.05 
Thermistor Chain -0.01 
ORB-3 XBT: System A 0.11 
System B 0.09 
ORB-4 XBT 0.02 
CAPER CTD/SV 0.02 
XBT: DESTEIGUER 0.03 
MOANA WAVE 0.12 
FLIP — 
Bucket Thermometer: 
DE STEIGUER -0.04 
MOANA WAVE -0.04 
RAPLOC/DEEPTOW CTD/SV * -0.01 
XBT: System A -0.11 
System B -0.16 
System C ~0.19 
Bucket Thermometer -0.07 


Table 17. System measurement errors. 


The system errors for the STD/SV, CTD/SV, SVTP, and thermistor chain systems 
were all small — varying from -0.03°C to 0.02°C. The errors for the towed thermistor 
and the bucket thermometers were slightly larger — varying from ~0.11°C to 0.08°C. The 
system error for the towed thermistor changed from 0.08°C to -0.11°C between the 
measurements made during the A2 experiments and those made during environmental 
survey 2. This may have resulted from a recalibration of the system between the two sets 
of measurements. Some of the XBT system errors were substantial, varying from -0.19°C 


to 0.23°C. The system error for the XBT system used by the FLIP during the CAPER 
experiments was not determined, since adequate concurrent hydrocast or CTD/SV 
measurements were not made. 


SURFACE TEMPERATURE ACCURACY OF 460-m SYSTEMS 


One or more independent surface temperatures were measured simultaneously with 
XBT measurements during the Gulf of Alaska, SUDS I, CAPER, and RAPLOC/DEEPTOW 
experiments. During the Gulf of Alaska experiments, surface temperatures were measured 
with the hydrocast, STD/SV, and SVTP systems. In addition, surface temperatures were 
measured continuously during environmental surveys | and 2 and during propagation loss 
experiments Al, A2, and A3, by means of a towed thermistor system. During SUDS I, 
surface temperatures were measured with the hydrocast, STD/SV, and thermistor chain 
systems. During CAPER and RAPLOC/DEEPTOW, measurements were obtained with the 
CTD/SV system and a bucket thermometer. Also during CAPER, three measurements were 
obtained by the hydrocast system. In this section, these measurements will be compared 
with the XBT surface temperature measurements. 


COMPARISON WITH HYDROCAST 


During the SUDS I experiments, six hydrocast surface temperature measurements 
were made concurrently with XBT measurements. Three each were made by the LEE and 
the DE STEIGUER. The average of these six comparisons was -0.03°C, with the differences 
varying from ~0.14°C to 0.07°C.* 


During the CAPER experiments, three hydrocast surface temperature measurements 
were made by the MOANA WAVE concurrently with XBT measurements. These 
differences were -1.41, -0.57, and -0.39°C. These three large differences suggest a major 
problem with the MOANA WAVE’s XBT system. More information on this problem will 
be developed when the CTD/SV and bucket temperature comparisons are discussed. 


COMPARISON WITH STD/SV 


STD/SV surface temperature measurements concurrent with XBT measurements 
were made during the Gulf of Alaska, SUDS I, CAPER, and RAPLOC/DEEPTOW exper- 
iments. The results of these comparisons are summarized in table 18. Shown are the 
number of comparisons, the average difference, and the standard deviation of the average 
difference. The large average difference and the very large standard deviation of the 
22 CAPER comparisons provide additional confirmation that the MOANA WAVE XBT 
system was experiencing a major problem and therefore was not measuring the surface 
temperature accurately. Inspection of the individual CAPER differences showed them to 
range from -2.36°C to 2.19°C. Of the 12 negative differences, nine were greater than 
1.00°C, and of the 10 positive differences, four were greater than 1.00°C. An inspection of 
the individual Gulf of Alaska differences showed that all of the last 12 differences were 
negative, varying from -0.06°C to -0.46°C. The average of these 12 differences was 
-0.24°C, and the average of the first 32 differences was 0.02°C. These data suggest that 
the XBT system was not operating properly during the latter part of the measurement 
program. This feature will be substantiated presently by comparison of the XBT surface 
temperatures with the towed thermistor temperatures. 


*A minus difference indicates that the XBT measurement was lower than the comparison measurement, and 
a positive difference indicates that the XBT measurement was higher. 
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Number Average Standard 


Comparisons Difference, °C Deviation, °C 
GULF OF ALASKA 0.21 
SUDS I 0.19 
CAPER 1.33 
RAPLOC/DEEPTOW 0.13 


Table 18. Comparison of surface temperatures measured by the XBT and STD/SV. 


COMPARISON WITH THERMISTOR CHAIN 


During the SUDS I experiments, with the thermistor chain vertical in the water 
(zero tow speed), six XBT profiles were obtained between 0650 and 0726 LST, 23 February 
1972. On 12 February 1972 at 0428 LST, one XBT profile was made under similar circum- 
stances. Comparisons of these measurements are contained in table 19. Recall that the 
thermistor chain measures temperature at 44 depths spaced 5.6 m apart from the surface to 
242 m every 10s, and that the 460-m XBT profiles take 88 s to complete. For the measure- 
ments made on 23 February, the thermistor chain profile is the scan that started at the same 
time the XBT probe was released. Thus the surface temperatures are measured simultan- 
eously. The thermistor chain measurements used to compare with XBT 81L are the average 
of the nine 10-s scans made while the XBT probe was recording its 88-s profile. The 
standard deviation of the nine thermistor chain measurements made on 12 February was 
0.01°C. All of these differences lie within the XBT system accuracy of +0.24°C. 


Temperature, °C 


Difference 


Table 19. Comparison of surface temperatures measured by the XBT and 
thermistor chain systems. 


In addition to the above measurements the LEE, towing the thermistor chain at 
3 knots, made continuous thermistor chain measurements during the SUDS I propagation 
loss runs. During these runs, 153 XBT profiles also were obtained. These measurements 
provide a set of comparative simultaneous surface temperature measurements that were 
made underway at 3 knots. Figure 12 contains ogives of the positive and negative differ- 
ences between the XBT and thermistor chain measurements. The average difference was 
0.04°C, with a standard deviation of 0.13°C. Of the total number of differences, 63.4% 


37 


PERCENT 


~0.5 0 +0.5 
TEMPERATURE DIFFERENCE, xC 


Figure 12. Ogives of positive and negative differences between 153 XBT 
profile surface temperatures and simultaneous thermistor chain temper- 
atures made during SUDS I. 


were positive, 33.3% were negative, and 3.3% were zero. This suggests that, on the average, 
the XBT measures a surface temperature slightly higher than the thermistor chain. The 
differences varied from -0.36°C to 0.45°C. 


An examination of the raw data suggests that the larger differences were observed in 
the afternoon. Figure 13 was prepared to examine whether this was true. Figure 13 isa 
plot of the differences versus time of day. Figure 13 shows that the 12 largest absolute 
differences (7.8% of the 153 comparisons) were observed between 1100 LST and 1705 LST. 
Of these 12 differences, eight were positive and four were negative. Figure 14 contains 
copies of the XBT profiles associated with the largest positive (XBT 253L) and the largest 
negative (XBT 190L) differences. It is interesting that both these profiles have a large 
negative temperature gradient from the surface to about 3 m. Such a large negative gradient 
may be the result of solar heating of the near-surface waters under conditions of clear skies 
and calm to near-calm winds. When such near-surface gradients are present, it is difficult to 
obtain accurate simultaneous measurements of surface temperature since a small difference 
in the depth of a sensor results in a relatively large change in temperature, and hence a large 
difference in temperatures. It is concluded that the larger absolute differences are the result 
of not being able to measure the surface temperature accurately. Omitting the 12 largest 
absolute differences, more of the differences are still positive than negative, with the average 
difference being 0.03°C and the standard deviation 0.09°C. 
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Figure 14a. SUDS I XBT 190L. 
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Figure 14b. SUDS I XBT 253L. 
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COMPARISON WITH TOWED THERMISTOR 


During the Gulf of Alaska experiments, surface temperatures were continuously 
measured during environmental surveys | and 2 and during propagation loss experiments 
Al, A2, and A3 by using a single towed thermistor bead. During the time these measure- 
ments were made, 334 XBT profiles were obtained. The seven XBT profiles whose calibra- 
tion lines deviated for 16.7°C by more than +0.34°C are not used in the following analysis. 
In addition, 82 STD/SV profiles were made at the same time the towed thermistor measure- 
ments were made. 


The differences between the towed thermistor measurements and the XBT (°), 
STD/SV (x), and SVTP (x) temperatures are plotted versus the XBT consecutive number 
in figure 15.* Also indicated are the dates of the acoustic events. A visual inspection of 
figure 15 shows that from XBT 1 to 165 the differences vary randomly about zero. However, 
for all XBT profiles after 165, all differences except for 14 are negative and there is a larger 
variation from difference to difference. In contrast, the STD/SV and SVTP differences vary 
randomly about zero during the entire time period that XBT 1 to 334 were taken. 


Pertinent statistics for the comparisons presented in figure 15 are summarized in 
table 20, and figure 16 contains ogives of the differences for XBT | to 165 and XBT 166 to 
334. The differences for XBT | to 165 are normally distributed with a near-zero mean and 
a standard deviation of 0.15°C. In contrast, the distribution of the differences for XBT 166 
to 334 is skewed. The mean value is -0.31°C, with 148 (91.4%) of the differences negative 
and 12 (7.4%) positive. STD/SV profiles 1 to 41 were made during the same time interval 
that XBT profiles 1 to 165 were made, and STD/SV profiles 42 to 93 and SVTP profiles 94 
to 117 were made during the same time interval that XBT profiles 166 to 334 were made. 
The average differences between the 80 STD/SV and SVTP surface temperatures and the 
towed thermistor surface temperatures were near zero (actually 0.007°C) with a standard 
deviation of 0.05°C. For these comparisons, it is concluded that the XBT system was not 
operating properly when XBT profiles 166 to 334 were made.** 


The largest negative difference between the XBT and towed thermistor measure- 
ments was -1.15°C.*** This difference was measured by XBT 288, which is shown in 
figure 17. The towed thermistor surface temperature was 9.06°C, which, correcting for 
system errors, would be 8.89°C on the XBT 288 grid. An inspection of figure 17 reveals 
that the profile has a poorly defined surface depth. The XBT surface temperature was read 
at 8.07°C on the grid. Thus this large difference may be an artifact of the poorly defined 
surface depth. The next largest negative difference of -0.69°C was associated with XBT 302. 
This profile is shown in figure 18. In this case, the surface depth is well defined. On the 
grid, the towed thermistor temperature was 10.65°C. Thus this surface temperature 


*The consecutive numbers for which differences are missing are those associated with XBT profiles 
calibration lines differed from 16.7°C by more than +0.34°C. 

**The improper operation of the XBT system was not detected until the XBT surface temperatures were 
compared with the towed thermistor surface temperatures. This comparison was not made until the 
preparation of this report, some six years after the publication of reference 6. In the preparation of 
reference 6, the XBT profiles made when the XBT system was not operating properly were accepted 
as being correct profiles and published. In appendix B of reference 6, all XBT profiles listed after 
XBT 224 (19 June 1971, 0400 LST) were made with the improperly operating system. 

***This difference is not plotted on figure 15 due to the scale but is plotted on figure 16. 
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Temperature, °C 


Average Standard 
Number Difference Deviation 


XBT 1-165 -0.002 


XBT 166-334 
STD/SV 1-41* 
STD/SV 42-93 


SVTP 94-117 


All STD/SV and SVTP 


*The towed thermistor was inoperative when some of the STD/SV profiles were made. 


Table 20. Statistical summary for Gulf of Alaska surface 
temperature differences. 
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Figure 16. Ogives of positive and negative differences between Gulf of Alaska XBT surface temperatures 
and towed thermistor temperatures. 
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Figure 17. Gulf of Alaska XBT 288. 
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Figure 18. Gulf of Alaska XBT 302. 
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difference is not the result of a recognizable artifact of the XBT profile. The largest positive 
difference was 0.45°C associated with XBT 166. This profile is shown in figure 19. On 

the XBT grid, the towed thermistor temperature was 6.11°C. Again, this large positive 
difference is not the result of an obvious artifact. 


As previously indicated, the calibration lines for seven of the XBT profiles exceeded 
16.7°C by more than +0.34°C. All seven profiles were made after XBT 166. Six of the 
seven were consecutive XBT profiles. An inspection of this series of six profiles, made 
during propagation loss experiment A3, showed that the calibration mark shifted abruptly 
between XBT 175 and 176. The calibration line for XBT 175 was at 16.54°C, 0.16°C lower 
than the 16.7°C standard and well within the permissible interval of +0.34°C. The calibra- 
tion line for XBT 176 shifted to 16.15°C, a variation of 0.55°C from the 16.7°C standard. 
The line varied from 16.11°C to 16.21°C for the next six XBT profiles when it again 
abruptly shifted to 16.76°C. The temperature differences between the XBT surface temper- 
atures and the towed thermistor for these six XBT profiles were as follows: 


XBT 176 0.60°C XBT 179 0.69°C 
XBT 177 ONE XBT 180 NO AC 
XBT 178 Ox/61G XBT 181 O2C, 


The reason for this abrupt shift in the calibration line is not known. 


Finally, since all seven profiles that had an erroneous calibration line were made 
after XBT 165, it appears that the presence of erroneous calibration lines is related to a 
system malfunction. 


To check whether the differences for XBT 165 to 334 are linear shifts in temperature, 
’ the 400-m temperatures for all XBT profiles obtained in water mass 2 were plotted. The 
data set was limited to the water mass 2 differences since the variation of the 400-m temp- 
erature in this water mass is small. Figure 20, similar in format to figure 15, is a plot of 
these temperatures. Pertinent statistics are tabulated in table 21. An inspection of figure 20 
suggests that the 400-m temperatures exhibit characteristics similar to, but not the same as, 
those exhibited by the surface temperature differences. As shown in table 21, the average 
400-m temperature as measured by 54 STD/SV and SVTP profiles taken during the same 
time interval as the XBT profiles were taken is 3.59°C, with a standard deviation of 0.03°C. 
The standard deviation of 0.03°C confirms the stability of the 400-m temperature in water 
mass 2. The average temperature for XBT 1 to 165 was 3.65°C, with a standard deviation 
of 0.12°C; for XBT 166 to 334 it was 3.77°C, 0.12% higher than for XBT 1 to 165, and 

had a standard deviation of 0.31°C, which is almost three times greater than the standard 
deviation for XBT 1 to 165. A comparison of figure 15 with figure 20 shows little corre- 
lation of the surface temperature differences with the 400-m temperatures for individual 
XBT profiles. For example, XBT 197, shown in figure 21, measured a surface temperature 
0.22°C less than the towed thermistor and a 400-m temperature 0.91°C higher than the 
average STD/SV and SVTP 400-m temperature. Such errors would grossly distort an 
application requiring temperature as an input. A visual examination of the XBT 197 profile 
does not suggest any reason to suspect the validity of the measurement. 
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Figure 19. Gulf of Alaska XBT 166. 
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Temperature, °C 


Average Standard 
Temperature 


Deviation 


Number 


XBT 1-165 
XBT 166-334 


STD/SV 1-41* 
STD/SV 42-93 
SVTP 94-117 


All STD/SV and SVTP 


*The number of XBT, STD/SV, and SVTP profiles differs from the numbers shown in 
table 20, since not all of the table 20 profiles were taken in water mass 2. 


Table 21. Statistical summary for Gulf of Alaska 400-m water 
mass 2 temperatures. 
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Figure 21. Gulf of Alaska XBT 197. 


COMPARISON WITH BUCKET THERMOMETER 


During the CAPER and RAPLOC/DEEPTOW experiments, bucket thermometer 
surface temperatures were obtained at the same time many of the XBT profiles were 
made. During the CAPER experiment, 151 bucket temperatures were obtained by the DE 
STEIGUER and 138 bucket temperatures were obtained by the MOANA WAVE. Since the 
DE STEIGUER XBT surface temperatures, corrected for system error, were used to estab- 
lish the bucket thermometer system error (see above), the bucket temperatures are not 
independent of the XBT temperatures and cannot be used to determine the surface tempera- 
ture measurement accuracy of the XBT system. However, the system error for the MOANA 
WAVE bucket thermometer was established from the CTD/SV measurements and is 
independent of the XBT temperatures. 


Figure 22 is a plot of the MOANA WAVE differences in temperature between the 
XBT and bucket temperature versus the consecutive XBT number. Differences shown by 
the symbol (x) are the difference between the CTD/SV and bucket temperatures. The 
XBT differences for the first 45 profiles were comparable. However, for the XBT profiles 
made subsequent to XBT 45, large and erratic differences between the XBT and bucket 
temperatures were observed. From XBT 46 to 80, all but three of the XBT surface temper- 
atures were less than the bucket temperatures, and XBT 56 measured a surface temperature 
2.84°C lower than the bucket thermometer. For XBT 81 to 96, the XBT measured surface 
temperatures higher than the bucket thermometer. The surface temperature for XBT 82 
was 2.22°C higher than the bucket temperature. From XBT 97 to 177, the last to be made 
by the MOANA WAVE, the XBT again measured surface temperatures lower than the 
bucket thermometer. Also shown in figure 22 are the differences between the CTD/SV 
surface temperature measurements and the bucket temperatures. The average difference for 
20 comparisons was -0.02°C, with a standard deviation of 0.09°C.* From these compari- 
sons, it is concluded that the MOANA WAVE XBT system began to malfunction starting 
with XBT 48. Pertinent statistics are summarized in table 22. 


The observer aboard the MOANA WAVE, by comparing bucket temperatures with 
the XBT surface temperatures, recognized that the XBT system was malfunctioning, and 
after the completion of XBT 72 attempted to correct the malfunction by recalibrating the 
system. XBT 77 was the first visually acceptable XBT profile made after recalibration. 
Although recalibration brought about an improvement, the XBT 77 surface temperature 
was still 0.92°C lower than the bucket temperature. After completing XBT 164, the 
observer again recalibrated the system. The next XBT profile made after recalibration 
measured a surface temperature 0.40°C higher than the bucket thermometer, and the one 
following that measured a surface temperature 0.81°C lower than the bucket thermometer. 
Thus the malfunction was not corrected by a recalibration of the system. 


To check whether the large surface temperature differences observed for the 
MOANA WAVE’s XBT profiles were linear shifts in the temperature scale, the 400-m 
temperatures were plotted for the MOANA WAVE XBT profiles. These data are plotted in 


*Since the bucket thermometer system error was determined by using the CTD/SV surface temperatures, 
the two measurements are forced to agree. However, the XBT system error is only 0.12°C (see above), 
which is small compared to the differences between XBT and bucket temperatures. Some readers may 
note that 18 CTD/SV surface temperatures were used to establish the XBT system error (see above), 
and that 20 comparisons are shown in figure 22. In establishing the XBT system error, two of the CTD/SV 
measurements were not considered quasisimultaneous with the XBT measurements and were not used. 
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Temperature, °C 


Profile Average Standard 
Difference Number Number Difference Deviation 


Random XBT 1-45 0.04 

Most negative XBT 46-80 0.90 
All positive XBT 81-96 0.50 
All negative XBT 97-177 0.52 


Table 22. Statistical summary of CAPER’s MOANA WAVE surface 
temperature differences. 


figure 23 and summarized in table 23. For the first 45 profiles, the 400-m temperatures 
varied randomly about 6.42°C, with a standard deviation of 0.21°C. For the rest of the 
profiles, the 400-m temperatures exhibited a behavior similar to that observed at the surface, 
except that the 400-m variations were not the same as the surface variation. Thus the 
surface temperature differences are not the result of a simple shift in the temperature scale. 


Also shown in figure 23 are the CTD/SV 400-m temperatures. The average 400-m 
temperature for 22 measurements was 6.23°C, with a standard deviation of 0.19°C. These 
measurements do not exhibit an erratic behavior such as that exhibited by the 400-m 
XBT measurements. Note that among the first 45 profiles, there is a group of three that 
measures temperature about 7.0°C and is about 0.5°C higher than the remainder of the 
400-m measurements. CTD/SV 6 confirms these ‘“‘anomalous’’ measurements as correct 
measurements. 


Note also that all the MOANA WAVE XBT temperatures included in figure 23 were 
obtained from visually acceptable XBT profiles; that is, there was no basis after a visual 
inspection to reject the profiles as being incorrect. Figure 24 illustrates this point. For 
comparison, three XBT profiles are superimposed on a common chart: XBT 18,56 and 82. 
(These profiles are from figure 23.) In the absence of any other information, such as a 
bucket temperature, all these profiles would be accepted as correct. In other words, there is 
no valid reason for rejecting any one of or all three profiles as erroneous. The XBT 18 
surface temperature agreed within 0.19°C of the bucket temperature, and the 400-m 
temperature agreed within 0.17°C of the average CTD/SV 400-m temperature. The XBT 56 
surface temperature was 2.84°C less than the bucket temperature, and the XBT 82 surface 
temperature was 2.22° greater. At 400 m, the differences from the average CTD/SV 400-m 
temperatures were -1.10°C and 2.66°C, respectively. 


Shown in figure 25 are a pair of interesting MOANA WAVE XBT profiles: XBT 96 
and XBT 98. These were taken 1 h 50 min apart in time and 5.5 nmi from each other. At 
the same time XBT 96 was made CTD/SV 19 was made, and at the same time XBT 98 was 
made CTD/SV 20 was made. Table 24 compares the surface and 400-m temperatures 
measured by XBT 96 and XBT 98 with CTD/SV 19 and CTD/SV 20. The CTD/SV 
measurements indicate a real change in the surface and 400-m temperatures. However, the 
change was much less than the change indicated by the XBT measurements. Again, in the 
absence of any other information both XBT profiles would be accepted as correct. However, 
as indicated by the CTD/SV measurements, neither is correct. 
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Temperature, °C 


Profile Average Standard 
Temperatures Number Temperature Deviation 
Random XBT 1-45 6.42 
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Figure 24. Examples of MOANA WAVE visually acceptable XBTs. Only XBT 18 is correct. XBT 56 and XBT 82 are incorrect. 
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Figure 25. CAPER’s MOANA WAVE XBT 94 and 96 taken 1 h 50 min apart in time and 5.5 nmi from each other. 
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Temperature, °C 


XBT 96 19.65 8.53 
XBT 98 17.63 5.90 
Difference -2.02 -2.63 
CTD/SV 19 18.93 6.35 
CTD/SV 20 19.34 6.11 
Difference +0.41 -0.24 


Table 24. Comparison of the surface and 400-m 
temperatures for XBT 96 and 98 and 
CTD/SV 19 and 20. 


During RAPLOC/DEEPTOW, two 460-m systems — system A and system B — were 
used. Bucket temperatures were obtained simultaneously with 40 system A XBT profiles 
and with 31 system B XBT profiles. Pertinent statistics are summarized in table 25. On the 
average, the surface temperatures measured by system A and system B were slightly higher 
than those measured by the bucket thermometer. 


System A System B 


Number of comparisons 


Average difference, “6 0.01 
Standard deviation, °C 0.16 
Largest difference, °C 0.42 
Smallest difference, °C -0.35 


Table 25. Statistical summary for RAPLOC/DEEPTOW 
surface temperature differences. 


SUMMARY 


Independent surface temperature measurements were made at the same time that 
XBT profiles were made during the Gulf of Alaska, SUDS I, CAPER, and RAPLOC/ 
DEEPTOW experiments. A few measurements were made with the hydrocast and STD/SV 
systems. Most of the measurements used a towed thermistor (Gulf of Alaska), thermistor 
chain (SUDS I), or bucket thermometers (CAPER and RAPLOC/DEEPTOW). The data 
base is summarized in table 26. A total of 736 XBT profiles were made, together with one 
or more independent and simultaneous surface temperature measurements. 


The purpose of these measurements was to check the surface temperature measure- 
ment accuracy of visually acceptable XBT profiles. As the analysis proceeded, a secondary 
purpose was realized. This was to use the independent measurements as detectors of 
malfunctional XBT systems. 


SY) 


Sensor GULF OF ALASKA RAPLOC/DEEPTOW 


Hydrocast z 
STD/SV 17 
Towed thermistor ze 
Thermistor chain oy 
Bucket thermometer 71 

TOTALS 88 


Table 26. Summary of XBT surface temperature measurement 
accuracy data base. 


During the Gulf of Alaska experiments, 334 visually acceptable XBT profiles were 
obtained while the towed thermistor measurements were being made. For seven of the 
334 profiles, the calibration line exceeded +0.34°C, leaving 327 visually acceptable profiles. 
Comparison of the XBT surface temperatures with the towed thermistor temperatures 
showed that the XBT system began to malfunction when making XBT profile 166. Of a 
total of 327 profiles, the accuracy of the XBT surface temperature was questionable for 
162 profiles (49.5%). 


The second system, used by the MOANA WAVE during the CAPER experiments, 
made 138 visually acceptable XBT profiles. At the time these measurements were made, 
independent surface temperature measurements were also made with a bucket thermometer. 
As in the case of the Gulf of Alaska measurements, the comparisons showed that the 
MOANA WAVE XBT system began to malfunction after XBT 45. The 103 surface temper- 
atures recorded by the profiles made after profile 45 were all in error (74.6%). 


The cause, or causes, of the malfunctions are not known. The malfunction of the 
two systems would not have been discovered if independent surface measurements had not 
been made. 


Table 27 and figure 26 summarize pertinent statistics of the surface temperature 
comparisons for the profiles made when the systems were not malfunctioning (designated 
as profile set 1)*; for the profiles made when the LEE (Gulf of Alaska) and the MOANA 
WAVE (CAPER) systems were malfunctioning (designated as profile set II)*; for all visually 
acceptable Gulf of Alaska and CAPER profiles; and for all 736 visually acceptable profiles. 


*Profile Set I and Profile Set II are subsets of the set of all visually acceptable XBT profiles. These sets are 
defined as follows. 


Profile Set I: All visually acceptable XBT profiles made when an XBT system was not malfunctioning, as 
determined from a comparison of XBT surface temperatures with independent measure- 
ments of surface temperature. 


Profile Set II: All visually acceptable XBT profiles made when an XBT system was malfunctioning, as 
determined from a comparison of XBT surface temperatures with independent measure- 
ments of surface temperature. 
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Temperature, °C 


Average Standard 
Difference 


Number Deviation 


PROFILE SET I 


GULF OF ALASKA 0.15 
SUDS I 0.13 
CAPER 0.21 
RAPLOC/DEEPTOW 0.15 
TOTAL 0.15 
PROFILE SET II 
GULF OF ALASKA 0.21 
CAPER 0.97 
TOTAL 0.65 
PROFILE SET I 
PLUS PROFILE SET II 
GULF OF ALASKA 0.24 
CAPER 0.90 
ALL DIFFERENCES 
0.47 


Table 27. Statistical summary of differences among 736 visually 
acceptable XBT and an independent measurement of 
surface temperatures. 
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Two comments on the data presented in table 27 and figure 26 are indicated: 


a. Once the profiles made when the XBT systems were malfunctioning 
were detected and removed from the data set, the XBT and indepen- 
dently measured surface temperatures were in agreement. The average 
of 467 comparisons was 0.02°C, with a standard deviation of 0.15°C. 
The distribution of the differences was slightly biased, with 56.5% being 
positive, 38.6% negative, and 4.9% zero. 


b. All the XBT profiles used in this analysis were originally classified as 
visually acceptable profiles. In the absence of the independently mea- 
sured surface temperatures, all of the 736 XBT surface temperatures 
would have been considered valid. In that event, the statistics are 
markedly altered, and the average difference is -0.15°C with a standard 
deviation of 0.47°C. In addition, the bias in the distribution of differ- 
ence reverses, with 56.3% of the differences being negative, 40.3% 
positive, and 3.4% zero. 


Finally, it is concluded from this analysis that a method of detecting malfunctioning 
XBT systems that produce visually acceptable XBT profiles is required. 


TEMPERATURE ACCURACY OF 460-m SYSTEMS 


This section contains the results of four studies that compare XBT measured 
temperatures at selected depths with average hydrocast and STD/SV measurements, quasi- 
simultaneous STD/SV measurements, and simultaneous thermistor chain measurements. 
The profiles whose calibration lines deviated from 16.7°C by more than +0.34°C are not 
included in these studies. 


COMPARISON WITH AVERAGE HYDROCAST 
AND STD/SV TEMPERATURES 


The results of two studies that compared XBT measured temperatures with hydrocast 
and STD/SV measurements are discussed in this section. These studies included all visually 
acceptable XBT profiles made during the Gulf of Alaska experiments in water mass 2 and the 
transition water mass; during SUDS I 1972 in area C; during CAPER in water mass 2; and 
during RAPLOC/DEEPTOW when the ORB was at anchor. In these water masses, enough 
hydrocast and/or STD/SV measurements were made in the area and time interval over which 
the XBT profiles were themselves made to provide a reasonably accurate average temperature 
and an estimate of the standard deviation. The first study includes all visually acceptable 
profiles reaching a minimum depth of 200 m, and the second all visually acceptable profiles 
reaching 400 m and also having an independent surface temperature measurement. 


Visually Acceptable Profiles Reaching 200 m 


Comparisons were made at 200, 300, and 400 m. These depths were selected 
because they are below the thermocline where vertical temperature gradients and spatial and 
temporal variations are small. The analysis began with the computation of the differences 
between the XBT 200-, 300-, and 400-m temperatures and the appropriate average hydro- 
cast and STD/SV temperatures listed in table 13. 


The most accurate and the most extensive of the five sets of differences was 
obtained during the Gulf of Alaska experiments in water mass 2, where 65 STD/SV profiles 
were made in the same area and time interval over which 270 XBT profiles were made. In 
water mass 2, the 200-, 300-, and 400-m temperatures were extremely stable. The standard 
deviation of the average hydrocast and STD/SV measurements at these three depths was 
0.04°C (see table 13). The second most accurate set of differences was obtained during the 
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RAPLOC/DEEPTOW experiments. These measurements were all made trom the ORB at 
anchor. This data set consists of 11 STD/SV profiles made over the same time interval that 
107 XBT profiles were obtained with two independent XBT systems. 


The differences for the five sets of comparisons are summarized in appendix B, 
which contains tabulated statistical summaries for each of the data sets and plots which 
present 200-, 300-, and 400-m-depth positive and negative ogives for three subsets of differ- 
ences — all visually acceptable profiles that include the profiles made when the Gulf of 
Alaska and CAPER XBT systems malfunctioned; profile set I; and profile set [A.* Listed in 
the tabulations are the number of differences, average differences, standard deviations, and 
the percentage of positive and negative differences. Table 28 is an attempt to summarize 
the Gulf of Alaska and CAPER comparisons for the sets of profiles that consist of all 
visually acceptable profiles. Table 28 supports the following observations: 


a. The average differences are positive at all three depths, and are an 
increasing function of depth. 


b. The standard deviation is about the same at all three depths. 
c. At all three depths, more of the differences are positive than negative. 


d. At all three depths, the largest differences are positive. Thus, for the 
data set of visually acceptable XBT profiles, it is concluded that, on the 
average, the recorded temperatures are higher and the vertical temper- 
ature gradients larger** than those measured by the hydrocast and 
STD/SV systems. These are the expected results if malfunctioning | 
XBT systems are undetected. 


The differences for profile set I, which consists of all XBT profiles except those 
differences associated with the malfunctioning system, are summarized in table 29. An 
inspection of the table 29 data for the Gulf of Alaska water mass 2 and transition water 
mass, and for the CAPER water mass 2, leads to the same observations. Thus, even with the 
omission of the profiles made with the two malfunctioning XBT systems, the average 
temperature and the average vertical temperature gradients remain systematically biased. 
For the SUDS I and the RAPLOC/DEEPTOW comparisons, the average difference was 
negative at one of the three depths; for the RAPLOC/DEEPTOW comparisons, the average 
difference was a decreasing, rather than increasing, function of depth. However, for both 
data sets, at all three depths, the largest differences were positive. This later observation 
tends to support the previous conclusions. 


In an effort to eliminate the biasing profile, profile set I was separated into two 
subsets by using the accuracy criterion defined in the XBT system errors section. The 
criterion was modified by using the final system errors in place of the preliminary system 
errors. One subset included all differences that satisfied the criterion (profile set [A), and 
the other all differences that did not satisfy the criterion (profile set IB). The differences 
for profile set [A are summarized in table 30. An inspection of these data shows that for 
the Gulf of Alaska data set, the average differences still show a slight increase with depth 
and, for the SUDS I data set, a slight decrease with depth. For all five sets of data, the 


*Profile set [A is a subset of profile set I. It is defined above. 
**The mathematical convention that a positive number is larger than a negative number is used in this 
discussion. For example, a +0.12°C/100 m gradient is larger than a -0.22°C/100 m gradient. 
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average values were close to zero, varying from -~0.024°C to 0.088°C, with nine differences 
being positive and six differences negative. The standard deviations were small, varying 
from 0.07°C to 0.13°C. 


Table 31 summarizes the number and percentage of the differences in profile sets I, 
IA, and IB. An inspection of these statistics shows that from 28.8% to 58.7% of the differ- 
ences were in profile set IB, the set of differences that did not satisfy the accuracy criterion. 
For the set of all differences, the percentage was an increasing function of depth. It 
increased from 36.7% at 200 m to 45.6% at 400 m. 


Set IA Set IB 


Set I 
Number 


Depth, 


Percentage 


Gulf of Alaska, Water Mass 2 


200 105 5) 

300 102 31.4 

400 96 33.3 
Gulf of Alaska, Transition Water Mass 

200 109 72 33.9 

300 100 60 40.0 

400 96 55 42.7 
SUDS I 1972, Area C 

200 186 114 38.7 

300 182 112 38.5 

400 176 100 43.2 
CAPER, Water Mass 2 

200 52 37 28.8 

300 50 28 44.0 

400 46 20 56.5 
RAPLOC/DEEPTOW, at Anchor 

200 107 63 41.1 

300 106 58 45.3 

400 104 43 58.7 
ALL DIFFERENCES 

200 559 354 205 36.7 

300 540 328 212 39.3 

400 518 282 236 45.6 


Table 31. Number and percentage of differences in profile sets I, [A, and IB. 


In summary, this analysis supports the preliminary conclusion that, unless biasing 
profiles are detected and removed from the profile set, on the average the XBT system 
records temperatures over the 200-to-400-m depth interval that are slightly higher, and 
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vertical temperature gradients that are slightly larger, than those recorded by average 
hydrocast and STD/SV measurements made in the same water masses as the XBT profiles. 


Of the 559 set I profiles reaching 200 m, 518 (92.7%) also reached 400 m. This 
question might be asked: Out of these 518 profiles, how many satisfied the 200-, 300-, and 
400-m accuracy criteria at all three depths, at one depth, at two depths, and at none of the 
three depths? Table 32 summarizes these data. Shown for each water mass is the number 
of XBT profiles that satisfied the accuracy criteria at one, two, and three depths. Shown 
also are the total number and the percentage the total represents of the complete subset. 
Four points are of special interest: 


a. 


Only 37.8% of the XBT profiles satisfied the accuracy criteria at all 
three depths. 

19.9% of the XBT profiles failed to satisfy the accuracy criteria at all 
three depths. 

Of 126 profiles failing the accuracy criterion at one depth, the per- 
centage failing the accuracy criteria at 200-, 300-, or 400-m was 32.5, 
19.1, and 48.4, respectively. 

Of 93 profiles that satisfied the accuracy criterion at one depth (failed 
the accuracy criteria at two depths), the percentage that satisfied the 
accuracy criteria at 200, 300, and 400 m was 51.6, 22.6, and 25.8, 
respectively. 


Number XBT Profiles Rejected at: 


O Depths 1 Depth 2 Depths 3 Depths 


n % 

GULF OF ALASKA 

Water Mass 2 19 19.8 

Transition Qi an2 Bel 
SUDS I 1972 

Area C 29Ob/s 68S 
CAPER 

Water Mass 2 6 13.0 
RAPLOC/DEEPTOW 

at Anchor DDE iD lieD. 

TOTAL 196 37.8 Wo 24:3 93 18.0 103. 19.9 


Table 32. Accuracy summary for 518 profile set I profiles reaching 400 m. 
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All Visually Acceptable Profiles Reaching 400 m and Having 
Independent Surface Temperature Measurements 


The previous analysis suggested that temperatures and vertical temperature gradients 
in the 200-to400-m layer were systematically biased when compared to average hydrocast 
and STD/SV measurements. This analysis considered all XBT profiles made in water masses 
where enough 200-, 300-, and 400-m hydrocast and STD/SV measurements were made to 
establish an average temperature and its variance. Not all of these profiles reached 400 m, 
which resulted in a different number of comparisons at each depth. This question might 
now be asked: Are the results of the preceding analysis influenced by having different 
numbers of comparisons at each depth? 


A second question that arises: Are the temperatures and vertical temperature 
gradients also biased in the surface-to-200-m layer? 


Insight into these questions may be gained by considering the subset of all profiles 
that reached 400 m and also had an independent surface temperature measurement. This 
subset consists of 528 profiles. The results of the analysis of this subset are summarized in 
appendix C and tables 33, 34, and 35. The format used is the same as for the preceding 
analysis. 


Table 33, summarizing the results for the set of all visually acceptable Gulf of Alaska 
water mass 2 and transition water mass, as well as the CAPER water mass 2 profiles, 
supports the following observations: 


a. At 200,300 , and 400 m, the results are similar to the results presented 
in table 28. 


b. The XBT profiles measure a surface temperature that, on the average, 
is less than the independently measured temperature. 


c. The surface-to-200-m temperature gradient, on the average, is biased 
positively with respect to the average hydrocast and STD/SV temper- 
ature measurements. 


Thus, for the data set consisting of all visually acceptable profiles, the answer to the first 
question is no, and the answer to the second question is yes. In addition, on the average, 
the XBT profiles measured vertical temperature gradients from the surface to 400 m that 
were larger than those measured by the hydrocast and STD/SV systems. These, then, are 
the expected results if no procedures are used to detect malfunctioning systems. 


It was shown previously that two of the XBT systems malfunctioned. Of the 
528 visually acceptable profiles, 177 (33.5%) were made with the systems malfunctioning, 
and 351 (66.5%) were made with the systems not malfunctioning. The analysis of the 


351 set I profiles is summarized in appendix C and table 34. An inspection of these data 
shows that: 


a. At 200, 300, and 400 m, the results are similar to those presented in 
table 29 for the Gulf of Alaska and CAPER water mass 2 data sets, 
with minor differences associated with the other three data sets. 

b. At the surface, the XBT system now measured a temperature higher 
than the independently measured temperature for four of the five data 
sets. For the Gulf of Alaska water mass 2 data set, the average surface 
difference was still negative. 


70 


Z SSP 1978 
‘UddVoO 


‘JUSUWOINSPAU dIN}eIOdUId] dORJINS JUapUadapuTI 


ue pey pue WOOP poyoeel softjoid [qx “7 SSPUI 19JeM Ul YAdV,) sULINp pur ‘sseul 19}eM 
UOT}ISURI] JY} UL pue Z SSPW 19}UM UT BYSP[Y JO J[NH 9} suliNp spew sopoid [qx spqejdeoor ATjensia [[e 10} 
SJUSUTOINseOW o[TJOId [qx YIM SJUIUWoINSPOU sInjeIodula} AS/GLS pur jseooipAy aseroae JO uostiedwioy “¢€ a[qrL 


UOT}ISUBL], 
“VASVTV AO ATND 


Z SSP 191e MA 
‘VASVITV JO ATAD 


“AJaAeSIU paseiIg “q 
Ajaatytsod paseig “ke 

‘SI JUSIPPIS WEQQZ 0} BdRJINS 
“OATRDON 
aATISOg “P 

‘ST DOUDIOJJIP WPIIAY 


‘| 


aoRJINg 


“OATIBSON 
aAtIsog ‘P 
1B SODUDIIJJIP 
}sasie] 94} ‘syidap daiu) [Pe IW 


“oATISOd URY] aATIRBON 

QAT]RBOU UY] OATIISOG “k 
S91 S9OUdIIJJIP 

ay} Jo a10w ‘syydap aa1y} [fe IV 


“syidap oe1y) [yr 
]@ OUleS dy} NOE SI UONRIAIP piRpues 


‘yidap Jo uonouny Surseainap Wp 
yidap jo uonouny Bulseaioul uy *9 
yidap ouo ye aAT}RSON 
syidap a1y} [Je 1k AANISOg =" 

IP SIOUIIIJJIP IPIOAY 


ON 


al 


WOOP PUB OOE “007 


SUOTIEAIASGC, 


71 


ioyouy 18 
MOLd4dG/O0Td Va 


2 voIV 
cL61 1SGNS 


‘JUIWoINSeOW sInjeJodul9} 9deJINS JUapUadapul ue 
pey pue W QOp sulYyoeal Sopljoid [qx JO pojsIsuod YIYM ‘| 49S aptjoid 10} sjuUaudINseaUl 
ayoid [qx YIM S}USWIINSPOU! 91N}eIOdW3}] AS/GLS pue jseooIpAy osesoAe JO uOSTIedWIO) ‘PE IGRI 


Z SSRI 191M 
“Uddvo 


uOT}ISUPIT, 
‘VASVTV JO ATND 


Z SSP 10784 
‘VASVTV SO ATNOD 


“ATOATJESIU Paseig “q 
Ajoatjisod paseig “et 
‘SI JUSIPEIB W-QQZ 0} 20RJINS “7 


"OATTeZON “q 
aAT]ISOg ‘BP 
[SI] DOUDIATJIP SBCIOAY “| 


20eJINS 


“OATIEBON “q 
dAT}ISOg “kB 
[91B S2UdIAJJIP ~ 
ysod1e] OY} ‘syydap se1y} [Je IV “p 
“dATqIsod uey} dATIESON “q 
DAT]ESIU UPY} JAT}ISO “kB 
:91B S9DUIIASTJIP 
ay} Jo s10W ‘syydap aay} [Je ay “¢ 
“syidap oa1y} Ie 
}® oles dy} JNOe SI UOT}RIAAp PlepurIsS - 


nN 


‘yidap jo uolounj Suiseaisap YW ‘p 
yidap jo uoljounj Sulseoloul uy “9 
yidap auo }e oATeSAN “qG 
syjdap 921Y} [Je 1B oAT]IsOg “eB 

LO1P SIOUAIATJIP WSeIOAY * | 


WI OOP PUR “ODE ‘007 


SUOT]BAIOSQGQO 


‘JUIWIOINSPAU dIN}eIOdUIa} 9ORJINS JUdpUddapuI UP peYy 


pue W QOp SuTyoRal saptjoid [gx JO poysisuos yoryM ‘YI Jas a[lyoid 10} s}uawioinsvaul sftyord Tq KX YUM 
s]UsWaInseaw oinjeJoduta} AS/ALS pure iseoo1pAY ULQOP Pure *-OOE *-OOT A8eLoAe Jo UOSTIRdUIOD “CE 2TqPL 


Ioyouy 18 
MOLdddd/D0TdVa 


9 vaIv 
cL6l I SANs 


Z SPI 1078 
‘UddvoO 


UOIPSUPL], 
‘VASVTV JO ATND 


Z SSP OIE 
“VASVTV JO ATNO 


“SATIBSON “G 


QATISOg “2 
F91B S9DUIIAJJIP 
ysasiey] oy} ‘syidap 9014} [RIV “P 


“aatiisod uey} oaNRdaN “q 


DAT]ESIU UPY]} OATIISOg ‘2 


SOIR SadUdIAJJIP 
ay} Jo a1ow ‘syidap salu [Jey € 


“syidap sea1y) [Je 
}@ OWIeS BY} JNOe ST UOTRIAVP plepueIS © 


N 


‘yydap jo uonjouny Sulsealoep W “Pp 
yidap jo uonounj 3urseaioul uy °9 
syidap omy sea] 1B 1k aATeSaN *q 
syjdap adit} [fe 18 eATIIsog “eB 


:91B SIOUIIIJJIP WLIOAY “| 


SUOT]BAIOSGQ, 


73 


c. The vertical temperature gradient from the surface to 200 m is slightly 
greater than that measured by the hydrocast and STD/SV systems for 
the Gulf of Alaska and CAPER data sets, and slightly less for the 
SUDS I and RAPLOC/DEEPTOW data sets. 


Thus, for this data set, the answer to the first question is yes, to the extent that there were 
minor differences associated with three of the data sets. The answer to the second question 
is also yes. 


For completeness, the results of the analysis of the profile set IA profiles are 
summarized in appendix C and table 35. An inspection of these data shows that for all 
five data sets at all depths, the average differences were close to zero, varying from 
-0.023°C to 0.126°C with eight differences being positive and seven differences being 
negative. The standard deviations were also small, varying from 0.03°C to 0.11°C. 


QUASISIMULTANEOUS XBT AND STD/SV 
MEASUREMENTS 


The third accuracy study compares quasisimultaneous XBT and STD/SV profiles. 
A total of 66 pairs of profiles, made within 30 minutes or less of each other, were obtained 
during the Gulf of Alaska, SUDS I, CAPER, and RAPLOC/DEEPTOW experiments. These 
measurements are used to examine further the accuracy of the XBT measurements at the 
surface and at the 200-, 300-, and 400-m depths. All appropriate system errors were applied 
prior to obtaining the differences between the two measurements. The results of the 
comparisons were similar to those obtained from the first two studies. 


The individual differences are tabulated in appendix D. Tabulated are the XBT 
numbers, the time in minutes between the beginning of the XBT and STD/SV measure- 
ments, and the differences for the four selected depths. If the difference is positive, the 
XBT temperature is higher than the STD/SV temperature, and if it is negative, the XBT 
temperature is lower than the STD/SV temperature. In the Gulf of Alaska and CAPER 
data sets, certain of the differences are underlined. These differences are associated with the 
XBT profiles acquired when the LEE and MOANA WAVE XBT systems malfunctioned. 
Recall that the malfunction of these systems was discovered from an analysis of the XBT 
surface temperature measurement accuracy. 


Histograms of the differences listed in appendix D are shown in figure 27. The 
dot-shaded areas are associated with the measurements made during CAPER when the 
MOANA WAVE’s XBT system malfunctioned, the line-shaded areas are associated with 
the measurements made during the Gulf of Alaska experiments, when the LEE’s system 
malfunctioned, and the unshaded areas show the differences associated with the remaining 
profiles. An examination of figure 27 shows that at 200, 300, and 400 m, all but one of 
the large differences are associated with the profiles made by the malfunctioning systems, 
and that the differences associated with the Gulf of Alaska profiles obtained when the 
XBT system malfunctioned would not have been detected from these comparisons since 
these differences are similar in magnitude to the differences associated with the unshaded 
areas. The profile associated with the largest unshaded 200-, 300-, and 400-m positive 
differences shown in figure 27 is the Gulf of Alaska ES1-146 profile shown in figure 28. 
The “dots” in figure 28 are the temperatures measured by STD/SV 39. These measure- 
ments were made 30 minutes apart in the very stable water mass 2. Also shown are the 
differences between the two sets of measurements at the surface and at 200, 300, and 
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Figure 27. Differences between quasisimultaneous XBT and STD/SV temperatures. 
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Figure 28. Comparison of Gulf of Alaska XBT ESI-146 (—) with STD/SV 39 (-) temperatures. 
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400 m. The two sets of measurements agree reasonably well from the surface to about 

60 m. From 60 m to the maximum depth, the differences increase systematically from near 
zero to 0.97°C at 400 m. In an acoustic application, the difference between these two 
profiles is significant since the XBT profile suggests the presence of a depressed channel 

that is considerably stronger than the channel suggested by the STD/SV profile. 


Table 36 presents a statistical summary for the set of all visually acceptable profiles 
and for profile set I for comparisons of surface, 200-, 300-, and 400-m measurements. For 
the set of all visually acceptable profiles, the results are similar to those obtained in the two 
studies previously discussed. The major difference is the standard deviations, which are 
somewhat larger than those listed in appendices B and C. For profile set I, the average 
differences are all positive and a greater percentage of differences is positive than was the 
case for all visually acceptable profiles. These data give additional evidence supporting the 
conclusion that, on the average, the XBT system measures temperatures slightly higher than 
those measured by other measuring systems. 


Difference, °C Percent 


Negative 


ALL VISUALLY ACCEPTABLE PROFILES 


0 63 -0.110 0.67 55.4 41.3 
200 66 0.049 0.75 50.0 47.0 
300 0.060 0.74 48.4 46.9 
400 0.090 0.74 51.6 43.5 

PROFILE SET I 

0 46 0.060 0.16 67.4 28.3 
200 46 0.082 0.21 56.2 398 
300 45 0.077 0.22 55.6 40.0 
400 43 0.073 0.20 58.1 34.9 


Table 36. Summary of comparisons between quasisimultaneous 
XBT and STD/SV profiles. 


COMPARISON WITH THERMISTOR 
CHAIN MEASUREMENTS 


The fourth study compares simultaneous XBT and thermistor chain measurements. 
These measurements were made during the SUDS I experiments. On 23 February 1972, 
with the thermistor chain vertical in the water (zero tow speed), seven XBT profiles were 
attempted between 0650 and 0726 LST. On 12 February 1972 at 0428 LST, one XBT 
profile was made under similar circumstances. These pairs of measurements are the most 
accurate set considered in this study since they are as close to simultaneous in space and 
time as is possible to obtain at sea, and were made with the vessel hove to and drifting, and 
with the thermistor chain hanging vertically in the water. During the acoustic experiments, 
the LEE, towing the thermistor chain at three knots, made 153 XBT temperature profiles. 


Vy 


These XBT measurements are simultaneous with the scan of the thermistor chain, which 
began when the XBT probe was dropped. This discussion compares these simultaneous 
thermistor chain and XBT temperature measurements. 


Recall that the thermistor chain is a towed device used for measuring temperatures 
every 10 seconds from the surface to a maximum depth of 242 m at 44 depths spaced 
5.6 m apart. In addition, a sensor records the depth of the deepest thermistor. With the 
towing speed and the maximum depth known, the depth of each sensor may be computed. 
Unfortunately, during these measurements the depth sensor was inoperative. As a result, 
measurements of the thermistor chain sensors were not available. To obtain information on 
the sensor depths under tow at 3 knots, the average hydrocast and STD/SV temperatures 
recorded in areas A and C were compared with the average temperatures measured by the 
thermistor chain for all acoustic runs made in these two areas. Similar comparisons could 
not be made for area B since no hydrocast or STD/SV measurements were made in this 
area. The results of these comparisons are summarized in figures 29 and 30. The solid 
curve connects the average hydrocast and STD/SV temperatures at standard depths and at 
the maximum thermistor chain depth of 242 m. The horizontal bar connects the lowest 
and highest temperatures observed at the indicated depth. The dots are the average therm- 
istor chain temperatures for each of the 44 sensors. The comparison for area C measure- 
ments suggests good agreement. The area A comparisons do not show good agreement. For 
depths greater than about 170 m, the average thermistor chain measurements are 0.1 to 
0.2°C lower than the hydrocast and STD/SV average measurements; and at shallower 
depths, they are 0.2 to 0.7°C higher. However, all average thermistor chain measurements 
fall within the hydrocast and the STD/SV measured range of temperature. In the vicinity 
of the thermocline, good agreement would be observed if all thermistors were at a depth 
about 10 m shallower than assumed. To accomplish this, the deepest thermistor would have 
to be about 18 m shallower than the 242-m maximum depth. Experience in towing the 
chain suggests that this amount of shoaling could not occur at a 3-knot towing speed. For 
purposes of this study, it is concluded that accurate thermistor chain temperatures cannot 
be establishéd for area A; thus only the measurements made in area C will be used in the 
following analysis. 


Figure 31 presents the measurements associated with the single XBT profile taken 
on 12 February 1972. The left-hand figure is the average, for each of the 44 sensors, of 
nine scans of the thermistor chain made while XBT 81L was being recorded. The standard 
deviations for these average thermistor chain temperatures are small, varying from 0.00°C 
to 0.03°C. The right-hand figure is a plot, for each sensor, of the differences between the 
XBT measurement and the average thermistor chain measurement. The largest differences 
are associated with the thermocline, where small differences in depth cause large differences 
in temperature. The largest difference, -0.51°C at 96 m, can be accounted for by a 2-m 
depth difference. In the surface layer, 0 to 79 m, and below the thermocline, 135 to 242 m, 
the largest positive difference was 0.09°C, and the largest negative difference was 0.10°C. 
The average differences and standard deviation for the in-layer differences were 0.007°C 
and 0.04°C; for the below-thermocline difference they were 0.009°C and 0.04°C: and for 
all 35 in4tayer and below-thermocline differences they were -0.002°C and 0.04°C. Note 
that the differences for the five deepest sensors are negative. The measurements made by 
this single XBT probe are in excellent agreement with those made by the thermistor chain. 
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Figure 29. Comparison between average hydrocast and STD/SV and average thermistor chain 


temperatures for area C. 
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Figure 30. Comparison between average hydrocast and STD/SV and average thermistor chain 


temperatures for area A. 
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On 23 February 1972 from 0650 LST to 0726 LST, with the LEE hove to and 
drifting and the thermistor chain hanging vertical in the water, seven XBT profiles were 
attempted. Of these seven attempts, one was a catastrophic failure, one was a partial success 
that yielded measurements to 90 m, and five were successes. Figure 32 summarizes the 
results of a comparison of these profiles with single thermistor chain scans, beginning at the 
same time the XBT probe was released. The XBT probe was at a depth of about 50 m by 
the time the thermistor chain completed its 10-s scan. The left-hand part of figure 32 is a 
plot of the six thermistor chain scans. In the near-surface layer, surface to 85 m, the 
observed variation in the thermistor chain temperature measurements was small, while in 
the thermocline, variations up to 0.80°C at 158 m were observed. The right-hand figure is 
a plot of the differences associated with the six pairs of measurements. Also shown is the 
XBT drop time in seconds. The average difference at each depth is shown by the symbol (x). 
Of a total of 237 differences, the largest positive difference was 0.12°C, and the largest nega- 
tive difference was -0.52°C. All the larger negative differences were in the thermocline and 
could have resulted from small depth differences. Of major interest is that these six XBT 
probes, on the average, measured temperatures that were lower than those measured by the 
thermistor chain at all 44 sensor depths. The average of 237 differences was -0.07°C, with a 
standard deviation of 0.09°C. Out of the total of 237 differences, only 54 (22.8%) were 
positive, and 175 (73.8%) were negative. In the surface layer (surface to 85 m) and below the 
thermocline (220 to 242 m), layers where vertical temperature gradients are small, the largest 
positive difference was 0.12°C, and the largest negative difference was 0.21°C. The average 
difference and standard deviation for the in-layer differences was -0.063°C and 0.08°C; for the 
below-thermocline differences they were -0.046°C and 0.09°C; and for all 121 in-layer and 
below-thermocline differences, they were -0.060°C and 0.08°C. 


Statistics for the individual XBT probes are summarized in table 37 for the in-layer, 
below-thermocline, and for the combined set of differences. In the layer all, or nearly all, of 
the differences were negative for four of the six probes, with the average differences varying 
from -0.041°C, XBT 278L, to -0.162°C, XBT 277L. Only XBT 275L measured an average 
positive difference. Note that this probe failed at 90 m. XBT 276L showed the best agree- 
ment with the thermistor chain with seven positive, seven negative, and two zero differences. 
Five of the six probes measured temperatures below the thermocline. The average differ- 
ences for four of the five probes were negative, and for one probe it was positive. Thus the 
six probes used in this comparison show a marked propensity to measure temperatures that 
are less than those measured simultaneously by the thermistor chain. Only one of the six 
probes, XBT 276L, showed excellent agreement in the statistical sense. These measure- 
ments were made serially over a 26-min period on 23 February 1972. The biasing of the 
differences may be a consequence related to a “run” of consecutive XBT probes. Addi- 
tional examples of biased results related to “‘runs”’ of probes will be discussed later. 


During the station 3 and 4 experiments, 73 XBT profiles were attempted while the 
LEE towed the thermistor chain at a speed of 3 knots. Out of the 73 attempts, 62 (84.9%) 
were successes, two (2.7%) were partial successes, and nine (12.3%) were catastrophic 
failures. This study compares the 64 visually acceptable profiles with the thermistor chain 
scans that started at the same time the XBT probes were released. 


An inspection of the differences for the individual profiles showed that at all depths 
greater than 34 m, the largest differences were associated with XBT 188L. The differences 
were all negative, varying from -0.43°C at 39 m to a very large difference of -3.08°C at 
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XBT Number of Differences 


Number 


IN LAYER 


DYoy, 16 
274L 16 
274aL Catastrophic failure = 
2 16 0.013 0.08 6 
276L 16 -0.006 0.06 7 
DY TAL 16 -0.162 0.02 16 
278L -0.041 14 
BELOW THERMOCLINE 
2B 5 -0.130 0.07 5 
274L 5 -0.012 0.06 2 
274aL Catastrophic failure — 
DiS Partial success — 
276L 5 0.052 0.06 1 
DUAL 5) -0.136 0.02 5 
278L 5 -0.006 0.08 2 
IN LAYER AND BELOW THERMOCLINE 

2738 21 -0.111 0.04 21 
274L 21 -0.061 0.05 18 
274aL Catastrophic failure — 
275L 16 0.013 0.08 6 
276L 21 0.008 0.06 8 
PTAC 21 -0.156 0.02 21 
278L 21 -0.030 0.05 


Table 37. Summary of comparisons with thermistor chain measurements made 
with vessel hove to and drifting. 


147 and 152 m. Figure 33 is a comparison of the two data sets. The “dots” are the 
44 thermistor chain measurements superimposed on the XBT profile. If the XBT profile is 
displaced in depth by +50 m, the two sets of measurements are in good agreement. This 
suggests that the reason for this disagreement is that the recorder was not turned on until 
the probe was at a depth of 50 m. The poor agreement between XBT and thermistor chain 
temperatures is the result of operator error. This set of comparisons is not included in the 
discussion to follow. 


The results of the comparisons of the remaining 63 profiles are summarized visually 
in appendix E. One figure is presented for each acoustic run. The left portion of each 
figure is a plot of the thermistor chain measurements. The symbol (x) is the average, and 
the length of the bar is two standard deviations of the number of scans shown in the upper 
left-hand corner. The “‘dots”’ in the right-hand figure are the differences between the XBT 
and the thermistor chain measurements for each thermistor chain depth and for each XBT 
profile made during the indicated run and in the indicated water mass or sound-speed profile 
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Figure 33. Temperature profiles for SUDS I XBT 188L and simultaneous thermistor chain profile. 
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volume. The number of XBT profiles plotted on each figure is indicated in the upper left of 
the right-hand figure.. The symbol (x) indicates the average value at each depth. Also 
shown in each plot are the wind conditions present during the run. An inspection of these 
figures shows that the distribution of the differences for station 4, runs 3 and 4, is quite 
different from the distribution of the differences for the other data sets. For station 4, run 
3, the differences are nearly all positive, with all average differences being positive. In 
addition at all depths the largest positive differences, shown by the circled “dots,” are 
associated with XBT 266L. The station 4, run 4, data set also contains one anomalous 
profile. The largest positive differences for depths greater than 40 m are all associated 
with XBT 269L. The differences for this XBT are also shown by the circled ‘“‘dots.”” XBT 
266L and 269L are shown in figures 34 and 35. An examination of these profiles provides 
little reason to consider them to be inaccurate. However, comparison with the thermistor 
chain data clearly shows them to be in error. The two profiles will not be included in the 
following analysis. Thus, of the original 64 visually acceptable profiles, 61 remain for 
further consideration. 


Figure 36 is a composite plot of the differences for the remaining 61 XBT profiles. 
The ‘‘dots’”’ are the individual differences, and the average difference for each depth is 
shown by the symbol (x). An inspection of the average thermistor chain plots in appendix 
E shows that the depth of the top of the thermocline, or the bottom of the near-surface 
mixed layer, is about 90 m. Note that all the above-thermocline average differences, except 
the surface difference, are positive, while all below-thermocline average differences are 
negative. Recall that the thermistor chain depth sensor was inoperative during these 
measurements, so that no independent thermistor chain sensor depths were measured. 
From indirect evidence based on average thermistor chain and hydrocast, and on STD/SV 
temperature measurements, it was previously concluded that the chain was vertical in the 
water during the 3-knot propagation loss runs, with the deepest temperature sensor at 
242 m. Perhaps the bias in the below-thermocline differences may be attributed to the lack 
of validity of this conclusion. Since the vertical temperature gradient below the surface 
layer is not zero, the thermistor chain sensor would record a slightly higher temperature 
at a slightly shallower depth. Thus there remains a possibility that below-thermocline 
differences are not real but rather related to the assumption made regarding the depth of 
the sensors. Only the above thermocline differences are considered in the remainder of 
this discussion. 


Table 38 lists for each depth in the near-surface layer the number of differences, the 
average difference, the standard deviation, and the number of positive, zero, and negative 
differences. Also shown are the statistics for all 1037 comparisons. The average of all 
differences was 0.04°C, standard deviation 0.13°C; 62.8% of the differences were positive, 
35.3% negative, and 1.9% zero. Since the vertical temperature gradient associated with this 
data set is small, the reasoning used to explain the bias in connection with the thermocline 
differences is not applicable to these comparisons. Thus it is concluded that in this compar- 
ison of 61 underway XBT profiles with the thermistor chain, the XBT measures temper- 
atures that are, on the average, slightly higher than the thermistor chain. 


Statistics associated with the individual XBT measurements made in the surface to 
90-m near-surface layer are tabulated in appendix F. Tabulated for each XBT are the 
average differences, the standard deviations, and the number of positive and negative differ- 
ences. Note that some XBT numbers are missing. These profiles were made at times 
when the thermistor chain was not making measurements. Also shown are the station and 
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Figure 34. SUDS I XBT profile 266L. 
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Figure 35. SUDS I XBT profile 269L. 
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Figure 36. Summary of temperature differences between 61 simultaneous XBT profiles and thermistor 
chain scans made underway at 3 knots. 


Depth, Number of Differences, C Number of Differences 


m Differences ain (MR Been Zero Negative 


0 61 -0.01 0.16 30 0 31 

6 61 0.01 0.12 30 0 31 
11 61 0.02 0.12 33 1 Ol 
17 61 0.04 0.13 39 1 21 
23 61 0.03 0.12 39 0 22 
28 61 0.02 0.12 SY 0 24 
34 61 0.06 0.13 4] 1 19 
39 61 0.04 0.11 40 20 
45 61 0.04 0.12 40 2 19 
51 61 0.09 0.11 47 2 12 
56 61 0.04 0.12 39 0 22 
62 61 0.05 0.13 42 ] 18 
68 61 0.08 0.11 45 4 12 
73 61 0.05 0.13 4] 1 19 
79 61 0.04 0.13 40 20 
85 61 0.03 0.12 35 2 24 
90 61 0.02 0.15 33 3 25 
All 1037 0.04 0.13 651 20 366 

Percentage 100.0 62.8 19 35.3 


Table 38. Statistical summary for SUDS I underway XBT and 
thermistor chain differences. 


tun numbers during which the profiles were made. An important feature of the appendix F 
data is the lack of randomness in the distribution of differences within a specific profile and 
in the time when consecutive profiles were made. For example, the average differences 

are positive for 18 consecutive profiles from 207L to 225L. For eight of the 18 profiles, 

all 17 differences were positive; for five of the profiles, 16 differences were positive. This 
set of 18 profiles includes all of the profiles made during station 3, runs 4 and 5, and two 
of the seven profiles made during station 3, run 3. The average differences for 10 profiles, 
XBT 245L to 256L, were all negative and for the 10 succeeding profiles, 257L to 268L, 
were positive. In this latter set, the individual differences for five consecutive profiles 

were all positive. This series also includes XBT 266L and 269L, which were previously 
eliminated from this analysis since early comparisons showed them to be erroneous. 


The data listed in appendix F are associated with the same profiles plotted in 
appendix E. In the discussion of the appendix E plots it was noted that the distri- 
bution of the differences for station 4, runs 3 and 4, was different from the distri- 
bution of differences for the other data sets. It was also noted that two profiles, 
XBT 266L and 269L, were grossly in error and were not included in the station 4, 
runs 3 and 4, statistics presented in appendix F. Even with XBT 266L omitted from 
the station 4, run 3, data set the average difference for the remaining XBT profiles 
is quite different from all of the other runs. However, the average differences for the 
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station 4, run 4, profiles, after omitting XBT 269L, are similar to the average differences 

for the XBT profiles taken during the other runs. The conclusion is that the profiles made 
during station 4, run 3, were measuring temperatures consistently higher than the thermistor 
chain measurements, with the average individual differences varying from 0.11°C to 0.25°C. 


The data sets discussed above are additional examples of ‘“‘runs”’ of consecutive 
probes measuring biased differences, which were previously observed in the discussion 
of table 37. 


It is concluded from this analysis that many of the XBT profiles made by the XBT 
system used in this study measured temperatures that, on the average, showed good agree- 
ment with simultaneous thermistor chain measurements. However, of particular concern 
are the observed biases resulting from the non-random distribution of the differences both 
with respect to measurements made by an individual probe and with respect to “runs” 
of the consecutive probes. 


SUMMARY 


XBT measured temperatures are compared with average hydrocast and STD/SV 
measurements, quasisimultaneous (made within 30 minutes of each other) STD/SV measure- 
ments, and simultaneous thermistor chain measurements. 


Two different XBT data sets were compared with the average hydrocast and 
STD/SV measurements. The first was the set of 826 visually acceptable profiles that 
reached a minimum depth of 200 m. The second was the set of 528 visually acceptable 
profiles that all reached 400 m and also had an independent surface temperature measure- 
ment. For the first set, comparisons were made at 200, 300, and 400 m. These depths 
were selected since, for depths greater than 200 m, vertical temperature gradients are small. 
For the second set, comparisons were made at the surface and at 200, 300, and 400 m. 


The analysis of the first data set showed that in the absence of independent 
temperature measurements to detect XBT profiles made when an XBT system malfunc- 
tioned, the XBT system measures, on the average, temperatures that are higher and vertical 
temperature gradients that are larger than those measured by the hydrocast and STD/SV 
systems. Previous analysis of surface temperature accuracy showed that two of the XBT 
systems used in making the profiles malfunctioned. With the eliminations of these profiles 
from the data set, a reanalysis of the remaining 559 profiles still supported the above 
conclusion. Thus, even with the omission of demonstrated erroneous profiles made when an 
XBT system malfunctioned, there remained enough erroneous profiles to bias systemat- 
ically the average temperature and the average vertical temperature gradient. In an effort 
to purge the data set of the biasing profiles, accuracy criteria based on the average hydrocast 
and STD/SV measurements were defined. Using these criteria, the data set was divided into 
one subset of 354 profiles that satisfied the criteria and another subset of 205 profiles that 
did not satisfy the criteria. The differences at all three depths for the data set that satisfied 
the accuracy criteria were normally distributed with mean near zero and standard deviations 
of 0.07°C to 0.13°C. Once the biasing profiles are identified and removed from the data 
set, the remaining profiles accurately measure the temperature. The biasing profiles were 
detectable only with the aid of independent 200-, 300-, and 400-m temperature measurements. 


The results at 200, 300, and 400 m of the analysis of the set of profiles that reached 
400 m and also had an independent surface temperature were similar to those obtained in 


9] 


the previous analysis. For the set of 528 visually acceptable profiles, the XBT measured a 
surface temperature that, on the average, was 0.15°C less than the independently measured 
surface temperatures. This resulted in an average positive temperature gradient bias in the 
surface-to-200-m layer. Analysis of the 351 profiles remaining after the elimination of the 
profiles made with the two malfunctioning XBT systems showed that at the surface, the 
XBT profiles measured a temperature slightly higher than the independently measured 
temperature; that at 200, 300, and 400 m, the XBT profile still measured temperatures 
slightly higher than the average hydrocast and STD/SV measurements; and that the vertical 
temperature gradient from the surface to 200 m was slightly biased. 


Quasisimultaneous XBT and STD/SV profiles were obtained during the Gulf of 
Alaska, SUDS I, CAPER, and RAPLOC/DEEPTOW experiments. A total of 66 pairs was 
obtained. These measurements were used to further examine the accuracy of the XBT 
measurements at the surface and at 200, 300, and 400 m. All measurements were made 
with the vessel hove to and drifting or, in the case of the RAPLOC/DEEPTOW measure- 
ments, at anchor. Of the 66 XBT profiles, 20 were made when the XBT systems malfunc- 
tioned during the Gulf of Alaska and CAPER experiments. Recall that the system 
malfunctions were only detected because independent surface temperatures were available. 
The statistics for all the differences for each depth were very similar to the results obtained 
from the two previous analyses. The major difference was that the standard deviations 
were somewhat larger for this study. The statistics for the differences associated with the 
profiles made when the systems were not malfunctioning are also similar to the statistics 
for the two previous studies. 


During SUDS I simultaneous XBT and thermistor chain measurements were made 
with the vessel both hove to and underway at 3 knots. Comparisons were made at 44 
depths spaced 5.6 m apart from the surface to 242 m, the maximum depth of thermistor 
chain measurements. While hove to and drifting, eight XBT profiles were attempted. Of 
the eight, one was a catastrophic failure, one was a partial success, and six were successes. 
For the seven profiles making measurements in the near-surface layer, the average values 
for 16 comparisons were negative for five of the profiles and positive for two profiles. One 
of the latter was the profile that was a partial success, having failed at 90 m. For the six 
profiles making measurements below the layer, the average values were negative for five 
profiles and positive for one. It was concluded that the seven probes used in this compar- 
ison measured temperatures from the surface to 242 m that were slightly lower than those 
measured by the thermistor chain. Only two of the six probes showed excellent agreement 
in the statistical sense. The biasing of the differences may be related to a ‘“‘run” of 
consecutive probes. 


During the SUDS I stations 3 and 4 experiments, 73 XBT profiles were attempted 
while the vessel was underway at 3 knots. Of the 73 attempts, 62 were successes, two 
were partial successes, and nine were catastrophic failures. Comparisons, at the 44 
thermistor chain sensor depths, of the 64 successful and partially successful profiles with 
single thermistor chain temperature scans starting at the same time the XBT probe was 
released, showed that three profiles were grossly in error and these were eliminated from 
the data set. Further analysis of the remaining 61 profiles suggested that in the thermocline, 
below the near-surface layer, the thermistor chain was measuring temperatures slightly 
higher than the XBT measurements. This possibly resulted from a slight shoaling of the 
thermistor sensors as a result of the 3-knot towing speed. Since the thermistor chain depth 
sensor was inoperative, it was not possible to check this conclusion. Comparisons of the 


XBT measurements with the thermistor chain measurements at the 17 sensor depths in the 
near-surface layer where vertical temperature gradients were small showed that the 61 XBT 
profiles measured temperatures slightly higher than the thermistor chain. The average of 
1037 comparisons was 0.04°C, with a standard deviation of 0.13°C; 62.8% of the differ- 
ences were positive, 35.3% negative, and 1.9% zero. These results are consistent with those 
obtained from the hydrocast and STD/SV, as well as the quasisimultaneous STD/SV 
comparisons. In addition, a serial tabulation of the average differences, standard deviations, 
and the number of positive and negative differences for each of the 61 XBT profiles, showed 
temperature measurement biases both with respect to measurements made by individual 
XBT probes and with respect to ‘“‘runs” of consecutive probes. 


DISCUSSION OF PROFILES WITH LARGE DIFFERENCES 


The analyses presented in the previous section were concerned primarily with 
average temperature differences. The results suggested that, on the average, the XBT system 
measured temperatures in the surface-to-400-m depth interval that were slightly higher 
and vertical temperature gradients that were slightly larger than those measured by 
hydrocast, STD/SV, and thermistor chain systems. In many applications, however, the 
concern is not with average values but rather with the use and interpretation of individual, 
or a short series of individual, profiles. This section discusses these biases with respect to 
individual profiles. 


For the set of 559 profiles containing no profiles made with malfunctioning systems 
(profile set 1) and reaching a minimum depth of 200 m, the 200-, 300-, and 400-m temper- 
atures for 54 (9.7%) of the profiles exceeded the average hydrocast and STD/SV temper- 
atures by more than or equal to +0.50°C at one or more of the three depths.* These XBT 
profiles are listed in appendix G. Also listed are the 200-, 300-, and 400-m differences in 
°C and the 200-300-m and 300-400-m linear temperature gradient biases in °C/100 m. 

An examination of the data presented in appendix G shows that of the eight 460-m XBT 
systems used to make the 559 profiles, seven measured 200-, 300-, or 400-m temperatures 
that exceeded the average hydrocast and STD/SV temperatures by more than or equal to 
+0.50°C at one or more of the three depths. Of the 51 profiles extending to 400 m, the 
differences for 41 (80.4%) profiles were positive at all three depths; for only five (9.8%) 
profiles they were all negative; and for the remaining five (9.8%) profiles they were mixed 
in sign. The XBT profiles measured, over the 200- to 400-m depth interval, a positive 
gradient bias for 15 profiles and a negative gradient bias for 18 profiles. 


At 200 m, 46 (85.2%) of the differences were positive and eight (14.8%) were 
negative. The comparable numbers at 300 m are 47 (88.7%) and six (11.3%); at 400 m, 
the comparable numbers are 44 (86.3%) and seven (13.7%). In addition, more of the larger 
differences are positive. For example, at 400 m, three differences are greater than 1.00°C, 
with the largest difference being 3.02°C, while the largest negative difference was -0.37°C. 
For the 200-300-m depth interval, 21 (39.6%) of the temperature gradient biases were 
positive, 30 (56.6%) negative, and two were zero with more of the larger gradient biases 
being positive. For the 300-400-m depth interval, 26 (51.0%) of the temperature gradient 


*The use of a difference of +0.50°C is arbitrary. The intent was to select a subset of profiles that 
measured temperatures obviously different from the average hydrocast and STD/SV temperatures. 
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biases are positive and 25 (49.0%) negative. Again, for this layer, more of the larger gradient 
biases are positive. 


Table 39 lists the largest positive and negative temperature differences and the XBT 
profile which measured these differences, and table 40 lists similar information for the 
temperature gradient biases. The largest 200-, 300-, and 400-m positive temperature 
differences were all measured, at anchor from the ORB, by XBT 55A during RAPLOC/ 
DEEPTOW. The largest 200-m negative differences were measured by XBT 66A during 
RAPLOC/DEEPTOW, and the largest 300- and 400-m negative differences were measured 
by XBT 188L during SUDS I. The largest 200-300-m positive temperature gradient bias 
was measured by XBT 81D taken during CAPER, and the largest positive 300-400-m 
bias was measured by XBT 55A taken during RAPLOC/DEEPTOW. Note that XBT 55A 
was made during RAPLOC/DEEPTOW from the ORB at anchor. The largest negative 
gradient bias in the 200-300-m depth interval was measured during SUDS I by XBT 128D, 
and the largest negative 300-400-m bias by XBT 134D also during SUDS I and by XBT 44B 
during RAPLOC/DEEPTOW. Facsimiles of the XBT profiles listed in tables 39 and 40, as 
well as facsimiles of the XBT profiles measuring the second largest positive and negative 
differences at each depth, are included in appendix G. An inspection of these profiles 
suggests that in the absence of other information, such as average hydrocast and STD/SV 
temperature measurements, these profiles are all visually acceptable. There is little reason to 
suspect that they contain errors as large as this analysis suggests. 


Largest Positive Largest Negative 


Difference, °C 


200 R/D55A R/D 66A -0.73 
300 R/D 55A SUDS 188L -0.66 
400 R/D55A SUDS 188L -0.37 


CAPER 81D 
R/D55A 


SUDS 128D 
SUDS 134D 
R/D 44B 


-0.33 
-0.33 


Table 40. Tabulation of largest positive and negative temperature gradient biases. 


Of special interest is figure 37, which combines facsimiles of the RAPLOC/ 
DEEPTOW XBT profiles 55A and 54A on a common XBT chart. XBT 55A is the profile, 
listed in tables 39 and 40, with the largest positive 300-400-m positive gradient bias. In 
contrast, XBT 54A, taken 1 hour before XBT 55A, satisfied the accuracy criteria at all three 
depths. The differences for XBT 54A were 0.11°C at 200 m, -0.05°C at 300 m, and -0.10°C 
at 400 m. Without the additional information provided by the hydrocast and STD/SV 
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Figure 37. RAPLOC/DEEPTOW XBT profiles 54A and 55A. 
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measurements, there would be no reason to consider the XBT 55A profile incorrect at 
depths less than 440 m. Of special interest to underwater acoustics is the vertical temper- 
ature gradient biasing nature of the differences, with the differences increasing with 
increasing depth from about 60 to 440 m. 


In summary, a set of profiles (from profile set I) that reached a minimum depth of 
200 m and whose temperatures exceeded the average hydrocast and STD/SV temperatures 
by equal to or more than +0.50°C at 200, 300, or 400 m, was compiled. This set contained 
54 profiles, which was 9.7% of the total set of 559 profiles used in this analysis. An exam- 
ination of these data showed positive differences as large as 3.02°C, negative differences 
as large as -0.73°C, positive temperature gradient biases as large as 0.96°C/100 m, and 
negative temperature gradient biases as large as -0.73°C/100 m. 


TEMPERATURE ACCURACY OF 1830-m SYSTEMS 


During the CAPER and RAPLOC/DEEPTOW experiments, a limited number of XBT 
profiles was obtained with two different 1830-m XBT systems. During RAPLOC/DEEPTOW, 
18 profiles were made from the ORB at anchor, and during CAPER, eight profiles were 
made from the FLIP at anchor in a three-point moor. Although the sample of 26 profiles 
is small, a discussion of these measurements provides some preliminary information on the 
performance of the 1830-m system. 


During the RAPLOC/DEEPTOW experiments, simultaneous surface temperatures 
were also measured by a bucket thermometer concurrent with 10 XBT profiles and by the 
CTD/SV system concurrent with three profiles. These 13 comparisons showed excellent 
agreement between the XBT surface temperatures and the independently measured temper- 
atures. The average of the 13 differences was 0.005°C, with the differences varying from 
=Onl4e@) to, LOnl2n€. 


A visual examination of the RAPLOC/DEEPTOW 1830-m profiles showed that 
seven (38.9%) profiles were catastrophic failures, three (16.7%) profiles were successes, and 
seven (38.9%) profiles were partial successes. For one profile, the calibration correction 
was 1.12°C, greatly exceeding the maximum allowed value of +0.34°C. Figure 38 is a copy 
of XBT 14C, one of the successful profiles; ie, visually acceptable to the maximum depth of 
1830 m. The differences between the XBT measured and the average CTD/SV measured 
temperatures for the three successful profiles are listed in table 41. For all comparisons 
except XBT 14C at 500 m, the differences were less than +0.24°C. 


The seven XBT profiles classified as catastrophic failures (ie, no usable temperature 
measurements for depths greater than 50 m) were so classified because of indications that 
the wiring insulation failed in the first 50 m of the profile. Figure 39 is a copy of XBT 9C, 
one of the catastrophic failures. At 10 m there is an abrupt increase in temperature, or a 
“glitch,” which suggests that the insulation was beginning to fail. However, at 30 m it 
appears that the insulation had “‘healed”’ and that the probe was recording valid temper- 
atures. As the measurement proceeded, the insulation appeared to fail at 110, 850, 938, 
and 1635 m, but in each instance seemed to recover and record valid temperatures until 
the insulation failed completely at 1720 m. The other six catastrophic failures showed 
similar characteristics. There is a temptation to consider XBT 9C a valid profile over depth 
intervals between the apparent insulation failures. In fact, XBT 9C was originally classified 
as a partial success. Table 42 lists the differences for the profiles originally considered 
partial successes and subsequently reclassified as catastrophic failures on the basis of an 
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Figure 38. RAPLOC/DEEPTOW 1830-m XBT profile 14C. 
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Temperature Difference, °C 


Table 41. Comparison of successful 1830-m 
RAPLOC/DEEPTOW XBT profiles with 
average CTD/SV temperatures. 
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Figure 39. RAPLOC/DEEPTOW 1830-m XBT profile 9C. 
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Temperature Difference, °C 


Table 42. Comparison of 1830-m RAPLOC/DEEPTOW XBT profiles classified 
as catastrophic failures with average CTD/SV temperatures. 


indication of insulation failure in the upper 50 m. An inspection of the differences listed 
in table 42 shows that XBT 9C and XBT 12C measured temperatures at 1200 and 1500 m 
that were considerably higher than the CTD/SV temperatures. For the remaining five 
XBT profiles, the differences were within +0.24°C of the average CTD/SV temperatures 
for 28 (75.9%) of 37 comparisons. Thus it appears that the accuracy of temperature 
measurements made at depths greater than the first indication of insulation failure are 
questionable — sometimes they may be accurate and sometimes they may be inaccurate. 


Of the seven profiles finally classified as partial successes, all had one or more 
“glitches” at depths greater than 50 m and less than 1830 m. Figure 40, a copy of XBT 
19C, is an example of such a profile. Small “glitches” are observed at depths of 90, 560, 
610, and 1010 m. In spite of the indications of insulation failure, the profile appears to 
record acceptable temperatures to the maximum depth. Profile 19C was finally classified 
as a partial success since the recorded temperatures are suspect for depths greater than 90 m, 
the depth of the first indication of insulation failure. Table 43 lists, for depths greater than 
200 m, the differences for the profiles finally classified as partial successes. Also shown 
for each profile is the depth of the first “‘glitch”’. 


Thus, for this set of measurements, it is concluded that the use of measurements 
made by probes exhibiting an apparent temporary insulation failure depends upon the 
importance of the measurement in a particular application. However, if the measurements 
are used for depths greater than the first indication of insulation failure, the accuracy of 
the measurements should be suspect. 


Since no independent temperature measurements were made concurrent with the 
FLIP XBT measurements, an analysis of their accuracy is not possible. Of the eight profiles 
made by the FLIP, one was classified as a catastrophic failure since it recorded a “glitch” 
at 29m. The remaining seven were classified as successes since they were visually accept- 
able to the maximum depth of 1830 m. An intercomparison of these seven profiles showed 
that XBT 2F recorded temperatures for depths greater than 250 m were consistently lower 
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Figure 40. RAPLOC/DEEPTOW 1830-m XBT profile 19C. 
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Depth Temperature Difference, °C 


m 19 


200 0.37 — -0.06 -0.07 -0.13 — 

250 0.14 = 0.03 = 0.07 0.20 — 
300 0.30 - 0.17 - 0.14 0.25 = 
400 0.08 — -0.13 - -0.11 -0.11 - 
500 0.01 — -0.06 — -0.27 - - 

600 0.05 ~ - ~ -0.31 — — 

800 0.03 - — — -0.23 - — 
1000 = - = = -0.22 — — 
1200 = — — — -0.15 — — 
1500 - ~ _ ~ ~ _ - 

Depth of first 

“glitch,” m 872 105 588 55 1400 436 90 


Table 43. Comparison of 1830-m RAPLOC/DEEPTOW XBT profiles classified 
as partial successes with average CTD/SV temperatures. 


than the other six profiles and XBT 4F recorded temperatures consistently higher than 

the other profiles over the depth interval from 400 to 800 m. These seven profiles were 
made at widely spaced time intervals over a 10-day period. Since this area is known to 
contain warm and cold water masses, or eddies, such variations in temperature are not 
unexpected. Thus, on the basis of information available, there is no reason to question the 
validity of seven of the eight profiles.* 


In summary, of a total of 26 1830-m XBT profiles, 10 (38.5%) were classified as 
successes; eight (30.8%) as catastrophic failures; seven (26.9%) as partial successes; and one 
exceeded the calibration correction of +0.34°C. In spite of apparent temporary insulation 
failure, most of the profiles finally classified as catastrophic failures and partial successes 


appeared to record valid temperatures at depths greater than the first indication of 
insulation failure. 


*This type of insulation failure, an abrupt increase in temperature over a small depth interval followed by 
an apparent “healing” of the insulation failure and a return to recording what appears to be a correct 
temperature, was first identified during the analysis of the 1830-m profiles. A visual re-examination of the 
460-m set I profiles showed that this type of insulation failure also occurred when the 460-m probes were 
used. The re-examination showed indications of this type of failure in 6.9% (101 out of 1458) of the 
460-m set I profiles. In comparison, 15 out of 18 RAPLOC/DEEPTOW 1830-m profiles and one out of 
eight CAPER profiles showed this type of insulation failure, which suggests that this type of failure is 
more likely to occur when 1830-m probes are used than when 460-m probes are used. 
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COMPARISON OF SIMULTANEOUS XBT MEASUREMENTS 


From 10-18 December 1972, simultaneous XBT measurements were made during 
the ORB-3 experiments, in which two independent 460-m XBT systems were used. The 
probe launchers were located about 30 feet apart. Another set of simultaneous XBT 
measurements was obtained from 17-28 October 1975 during the RAPLOC/DEEPTOW 
experiments. Two 460-m and one 1830-m XBT system were used to make these measure- 
ments. The two 460-m launchers were located about 5 feet apart, with the 1830-m launcher 
located about 45 feet from the 460-m launchers. For both data sets, probes were launched 
just a few seconds apart — the time it took for the observer to walk from one launcher to 
the other(s). 


SIMULTANEOUS 460-m XBT PROFILES 


During the ORB-3 experiments, a total of 49 pairs of 460-m XBT profiles were 
attempted from the ORB — 20 in transit to the experimental area at 5 knots and 29 at 
anchor during the experiments. The number of visually acceptable pairs (both profiles 
extending to depths greater than 50 m) was 45 — 18 under tow and 27 at anchor. During 
the RAPLOC/DEEPTOW experiments, a total of 47 pairs of 460-m profiles were attempted. 
The number of visually acceptable pairs was 45. All profiles were made from the ORB 
at anchor. 


In this study, temperature comparisons will be made at standard hydrocast depths 
from the surface to 400 m. The depths of the near-surface layer, or top of the thermocline, 
also will be compared. Temperature differences between two profiles are dependently 
related to differences in measuring temperature and depth. In the near-surface layer, or 
above the thermocline where vertical temperature gradients are small or non-existent, the 
differences are due almost solely to the accuracy of the measured temperature. In the 
thermocline, where vertical temperature gradients are large, the temperature differences 
result primarily from errors in measuring depth. Below the thermocline, where vertical 
temperature gradients are smaller than in the thermocline and larger than in the near- 
surface layer, temperature differences are the result of errors in measuring both temperature 
and depth. 


The temperature and layer depth differences (arbitrarily system A minus system B) 
for the ORB-3 under-tow and at-anchor measurements and for the RAPLOC/DEEPTOW 
measurements are tabulated in appendix H. From the surface to the horizontal line, the 
differences are below the thermocline; and for all differences between the horizontal lines, 
the differences are in the thermocline. An asterisk after the XBT profile pair number 
indicates pairs which agree to within +0.34°C for comparisons made above and below 
the thermocline.* 


The data tabulated in appendix H are summarized in figure 41. The left-hand pair 
are for the ORB-3 measurements, and the right-hand pair are for the RAPLOC/DEEPTOW 
measurements. The upper portion of each pair is a plot of the differences at each standard 


*If the standard deviation of an XBT temperature measurement is +0.12°C, then the standard deviation 


of the difference between two simultaneous XBT temperature measurements is + \/0.122 + 0.122 , or 
+0.17°C, and two standard deviations is +0.34°C. 
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hydrocast depth, and the lower portion contains ogives of the set of positive and the set 

of negative differences. By coincidence, more of the differences are positive than negative 
for both sets of data, since the sign of the difference depends on which system is arbitrarily 
chosen as the reference. 


Table 44 lists pertinent statistics for the above-, in-, and below-thermocline subsets 
of differences, as well as for the set of all differences. Listed are the number of differences, 
the average difference and its standard deviation, and the percentage of differences that 
exceeded +0.34°C. The most accurate temperature measurements are made above the 
thermocline, where vertical temperature gradients are small or nonexistent. As shown in 
table 44, for the 223 ORB-3 measurements made above the thermocline, the average differ- 
ence was 0.09°C, with a standard deviation of 0.18°C. For the 180 RAPLOC/DEEPTOW 
measurements, the comparable numbers are 0.08°C and 0.14°C, respectively. In the ORB-3 
subset, 71.4% of the differences were positive and 24.7% negative. The comparable percent- 
ages for the RAPLOC/DEEPTOW subset were 71.1% and 24.4%, respectively. 


RAPLOC/DEEPTOW 
ABOVE THERMOCLINE 
Number of differences 180 
Average, °C 0.08 
Standard deviation, °C 0.14 
Percent: 
Greater than +0.34°C 39 
Less than -0.34°C <0.1 
IN THERMOCLINE 
Number of differences 179 
Average, °C 0.11 
Standard deviation, °C 0.44 
Percent: 
Greater than +0.34°C Diy): 
Less than -0.34°C 6.1 
BELOW THERMOCLINE 
Number of differences 214 
Average, °C 0.07 
Standard deviation, °C 0.43 
Percent: 
Greater than +0.34°C 8.4 
Less than -0.34°C 37) 
ALL DIFFERENCES 
Number of differences 
Average, °C 0.08 
Standard deviation, °C 0.37 
Percent: 
Greater than +0.34°C 11.0 
Less than -0.34°C 3.5 


Table 44. Comparison of simultaneous XBT profiles taken during the ORB-3 
and RAPLOC/DEEPTOW experiments. 
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Some additional observations, based on the data of appendix H and table 44, are 
of interest: 


1. The ORB-3 differences for 26 (57.8%) of the 45 pairs were less than or equal to 
+0.34°C at all above- and below-thermocline depths, and for the RAPLOC/DEEPTOW 
differences the comparable number was 36 (80.0%) of the 45 pairs. For the combined 
data set of 90 XBT pairs, 62 (68.9%) of the pairs had differences less than or equal to 
+0.34°C at all above- and below-thermocline depths. For the remaining 28 (31.1%) of the 
pairs, the differences were greater than +0.34°C at one or more depths. 


2. For the combined data set of 90 pairs, the differences were all less than or equal 
to +0.34°C in the near-surface layer for 79 (87.8%) of the pairs, in the thermocline for 46 
(51.7%) of the pairs, and below thermocline for 61 (71.8%) of the pairs. 


3. For the combined data set of 90 pairs, the differences at all comparison depths 
were less than or equal to +0.34°C for 43 (47.8%) of the pairs. 


4. For the 45 ORB-3 profiles, the layer depth differences were less than 5 m for 
40 (88.9%) of the pairs, and for the 45 RAPLOC/DEEPTOW profiles, the comparable 
number was 41 (91.1%) of the pairs. For the combined data set of 90 pairs, the near-surface 
layer depth differences were less than or equal to +5 m for 81 (90.0%) of the pairs and 
exceeded +5 m for nine (10.0%) of the pairs. 


Figure 42 is an ogive of the absolute value of the 1116 simultaneous XBT temper- 
ature differences measured at standard hydrocast depths from the surface to 400 m during 
the ORB-3 and RAPLOC/DEEPTOW experiments. The absolute value is used since the 
signs of the differences are arbitrary. This figure shows the percentage of the 1116 compar- 
isons of simultaneous XBT measurements that exceeded a given difference. For example, 
16.6% exceeded 0.34°C. 


The preceding discussion was concerned primarily with the statistics of the 
differences between simultaneous pairs of XBT profiles. The following discussion presents 
and considers selected specific pairs of profiles, and supports the previous discussion. 


An inspection of the ORB-3 data listed in appendix H shows that for XBT pair 47, 
the differences were greater than 0.34°C at all depths except the surface and 400 m, and for 
XBT pair 12 they were greater than 0.48°C at all depths except the surface. For these two 
comparisons, system A recorded a higher temperature than system B. Figure 43 shows 
superimposed temperature profiles for these two comparisons. Note the large differences 
in the near-surface layer where the temperature is nearly isothermal. In each case at least 
one of the profiles must be incorrect. 


Average below-thermocline differences were greater than or equal to +0.50°C for 
four XBT pairs—XBT pair 46 (-1.05°C), XBT pair 54 (-0.58°C), XBT pair 12 (0.54°C), 
XBT pair 47 (0.50°C). XBT pairs 46 and 54 are presented in figure 44. These pairs show 
how near identical agreement from 40 to 160 m for XBT pair 46 and from the surface to 190 m 
for XBT pair 54. However, for depths greater than 160 m and 190 m, respectively, the 
differences increase to as much as -1.74°C at 400 m for XBT pair 46 and -0.84°C at 400 m 
for XBT pair 54. In the figure 44 comparisons, system B measured temperatures higher 
than system A. 


An inspection of the RAPLOC /DEEPTOW comparisons listed in appendix H shows 
that some of the largest below-thermocline differences are associated with pairs 33 and 38, 
which are presented in figure 45. Pair 33 shows minor differences in the near-surface 
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Figure 42. Ogive of the absolute value of 1116 simultaneous XBT temperature differences measured at standard 
hydrocast depths from the surface to 400 meters during the ORB-3 and RAPLOC/DEEPTOW experiments. 
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Figure 43a. Temperature profiles for ORB-3 XBT pair 47. 
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Figure 43b. Temperature profiles for ORB-3 XBT pair 12. 
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Figure 44a. Temperature profiles for ORB-3 XBT pair 46. 
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Figure 44b. Temperature profiles for ORB-3 XBT pair 54. 
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Figure 45a. Temperature profiles for RAPLOC/DEEPTOW XBT pair 33. 


Figure 45b. Temperature profiles for RAPLOC/DEEPTOW XBT pair 38. 
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layer with identical agreement in the thermocline. However, below the thermocline they 
begin to differ, with the difference being an increasing function of depth. At 400 m, the 
difference was 3.01°C. Pair 38 shows identical agreement from the surface to 115 m. At 
115 m, the two profiles begin to differ, with the difference being a variable function of 
depth. Figures 45a and 45b exhibit characteristics similar to those shown by two of the 
ORB-3 comparisons (figure 44). The major difference is that for XBT pair 38 (figure 45b), 
the differences do not diverge with depth. 


RAPLOC/DEEPTOW XBT pairs 4 and 39 exhibited a marked difference in the 
above-thermocline comparisons as well as in the below-thermocline comparisons. These 
two comparisons are shown in figure 46. 


Remember, all profile pairs shown in figures 43-46 were simultaneous pairs made 
by using two independent XBT systems whose launchers, in the case of the ORB-3 
measurements, were located 30 feet apart and, in the case of the RAPLOC/DEEPTOW 
measurements, were located 5 feet apart. All of the measurements except the one presented 
in figure 43b were made from the ORB at anchor. 


Table 45 shows the average temperatures for each XBT system for the 26 ORB-3 
and the 36 RAPLOC/DEEPTOW XBT pairs whose differences met the accuracy specifi- 
cation at all comparison depths above and below the thermocline (“‘starred”’ comparisons 
in appendix H). For both data sets, system A, on the average, measured slightly higher 
temperatures than system B. All average differences, even the in-thermocline differences, 
are well within the +0.34°C accuracy specification. It is concluded that when the biasing 
profiles are detected and removed from a data set, excellent agreement between the 
remaining profiles is reached. 


Note in figures 43-46 that the left-hand profiles, except possible ORB-3 pairs 
47 and 54 (figures 43a and 44b), agree better with the average temperatures listed in 
table 45 than the right-hand profiles. This suggests that, in at least three cases, the right- 
hand profiles are the incorrect profiles. This is important since the temperature errors 
introduced into these sets of XBT profiles are systematic, biasing, and nonrandom. The 
implications are obvious. 
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Figure 46a. Temperature profiles for RAPLOC/DEEPTOW XBT pair 4. 
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Figure 46b. Temperature profiles for RAPLOC/DEEPTOW XBT pair 39. 
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Temperature, °C 


D ORB-3 RAPLOC/DEEPTOW 
epth, 


0 16.16 16.13 0.03 17.10 17.05 0.05 
10 16.19 16.13 0.06 17.06 17.01 0.05 
20 16.22 16.14 0.08 17.05 16.98 0.07 
30 16.23 16.17 0.06 17.01 16.95 0.06 
50 16.17 16.15 0.02 15.68 15.68 0.00 
1S) 12.56 12.40 0.16 12.45 12.36 0.09 
100 10.99 10.97 0.02 11.08 10.98 0.10 
125 10.20 10.15 0.05 10.12 10.11 0.01 
150 9.73 9.63 0.10 9.44 9.46 -0.02 
200 8.90 8.85 0.05 8.69 8.69 0.00 
250 8.23 8.16 0.07 8.04 8.07 -0.03 
300 7.58 7.60 -0.02 7.18 Tala 0.01 
400 6.43 6.42 0.01 6.12 6.13 -0.01 
Layer 
depth 7 58 -l 38 37 1 


Table 45. Comparison of XBT pairs satisfying the accuracy specification for comparisons 
above and below the thermocline. 


SIMULTANEOUS 1830-m AND 460-m XBT PROFILES 


During the RAPLOC/DEEPTOW experiments, 1830-m XBT profiles were obtained 
simultaneously with 460-m profiles taken on two different 460-m systems. This section 
compares the 1830-m profiles (system C) with the 460-m profiles (systems A and B). 
During the experiment, 18 sets of simultaneous profiles were attempted. Of the 18 system C 
profiles, seven failed catastrophically ; the calibration correction for one exceeded 0.34°C 
and therefore was not used. This left 10 system C visually acceptable XBT profiles taken 
simultaneously with 10 system A and 10 system B profiles. All profiles were made from the 
ORB at anchor. Comparisons are made at standard hydrocast depths. 


The temperature and layer depth differences for system C versus system A and 
for system C versus system B are presented in tables 46 and 47, respectively. The asterisk 
after the XBT profile pair number indicates pairs which agreed to within +0.34°C for all 
above- and below-thermocline depths. Of a total of 20 comparisons, 15 (75.0%) pairs met 
the accuracy criteria at all above and below thermocline depths. For 17 pairs, the layer 
depth differences were less than or equal to +5 m. 


Of a total of 238 comparisons, 143 (60.0%) differences were negative and 88 (37.0%) 
were positive. This means that system C measured temperatures that were lower than those 
measured by systems A and B. Table 48 lists pertinent statistics for the above-, in-, and 
below-thermocline subsets of differences, as well as statistics for the set of all differences. 
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XBT Profile Pair (System C — System A) 


Table 46. Temperature (°C) and layer depth (m) differences between simultaneous 
1830-m and 460-m XBT profiles obtained during RAPLOC/DEEPTOW. 


118 


XBT Profile Pair (System C — System B) 


Depth, 


Layer 
depth 


Table 47. Temperature (°C) and layer depth (m) differences between simultaneous 
1830-m and 460-m XBT profiles obtained during RAPLOC/DEEPTOW. 
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Above In Below All 
Thermocline Thermocline Thermocline Differences 


SYSTEM C versus SYSTEM A 


Number of differences 122 
Average difference, °C -0.04 
Standard deviation, °C 0.29 
Percent: 
Greater than +0.34°C DS 
Less than -0.34°C <0.1 
SYSTEM C versus SYSTEM B 
Number of differences 116 
Average difference, °C -0.05 
Standard deviation, °C 0.22 
Percent: 
Greater than +0.34°C 6.0 
Less than -0.34°C 6.9 
ALL DIFFERENCES 
Number of differences 238 
Average difference, °C -0.04 
Standard deviation, °C 0.26 
Percent: 
Greater than +0.34°C 4.2 
Less than.-0.34°C 3.8 


Table 48. Comparison of simultaneous 1830-m and 460-m XBT profiles taken during the 
RAPLOC/DEEPTOW experiments. 


For all sets of statistics, except the in-thermocline system C versus system A differences, the 
average difference was slightly negative. For the set of all 238 differences, the average 
difference was -0.04°C, with 4.2% of the differences greater than +0.34°C and 3.8% less 
than -0.34°C. The extreme differences were -0.63°C and 2.40°C. Thus, on the average, the 
1830-m system measured temperatures slightly lower than temperatures measured by the 
two 460-m systems. 


Table 49 shows the average temperatures for the 15 XBT pairs whose differences 
met the accuracy specification of +0.34°C at all comparison depths above and below the 
thermocline (designated by asterisk in tables 46 and 47). All average differences, even the 
in-thermocline differences, are well within the accuracy specification. The agreement 
between the two sets of profiles is excellent. 
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Broth Temperature, ° 


0 17.05 17.14 -0.09 17.04 17.03 0.01 
10 17.01 17.07 -0.06 17.00 16.99 0.01 
20 16.93 17.06 -0.13 16.91 16.98 -0.07 
30 16.86 17.04 -0.18 16.83 16.98 -0.15 
50 16.19 15.92 0.27 15.84 15.78 0.06 
es) 12.56 12.56 0.00 12.48 12.42 0.06 
100 11.10 11.24 -0.14 11.14 11.14 0.00 
125 10.18 10.29 -0.11 10.19 10.23 -0.04 
150 9.42 9.54 -0.12 9.47 953 -0.06 
200 8.64 8.76 -0.12 8.71 8.68 0.03 
250 7.97 8.00 -0.03 VS Ud 0.00 
300 M32 23 0.09 723i 7.20 0.11 
400 6.15 6.21 -0.06 6.18 6.16 0.02 
Layer 
depth 42 40 2 41 39 2 


Table 49. Comparison of 1830-m and 460-m simultaneous RAPLOC/DEEPTOW XBT 
pairs meeting the +0.34°C accuracy specification for comparisons above 
and below the thermocline. 


ANALYSIS OF XBT PROFILES TRANSMITTED TO FLEET NUMERICAL 
WEATHER CENTER FOR OPERATIONAL USE 


During the SUDS I 1972 experiments, the DE STEIGUER routinely digitized and 
transmitted XBT temperature data to the Fleet Numerical Weather Center (FNWC), 
Monterey, CA. These measurements were used as inputs to FNWC synoptic predictions 
of propagation loss and Fleet sonar performance. These operational predictions are used by 
the Fleet in day-to-day operations. This section discusses the accuracy of the data trans- 
mitted to FNWC. 


From 8-23 February 1972, the DE STEIGUER digitized and transmitted XBT 
temperature measurements to the FNWC. During this period, 31 profiles were attempted 
and three failed catastrophically. The remaining 28 were judged visually acceptable by the 
observer prior to digitization and transmission. Of the 28 profiles 15 were made in area C, 
where enough hydrocast and STD/SV measurements were made to establish an average 200-, 
300-, and 400-m temperature. The following summarizes an analysis of the 200-, 300-, and 
400-m temperatures in terms of the accuracy criteria established for area C.* Preliminary 
system error is replaced by the final system error. 


*See step 4 of the section, Procedure for Determining XBT System Error. 


Number of XBT profiles transmitted: 15 (100.0%) 
Number partial successes: 2 (13.3%) 
Number reaching 400 m: 13 (86.7%) 


Of those reaching 400 m, the number satisfying the accuracy criteria at all three depths 

was three (or 23.1%); at two depths was two (or 15.4%); at one depth was three (or 23.1%); 
and at no depth was five (or 38.5%). To restate, of 13 area C XBT profiles reaching 400 m, 
only 23.1% satisfied the accuracy criteria at three depths below the thermocline; 38.5% did 
not satisfy the criteria at any of the three depths; the balance, 38.5%, did not satisfy the 
criteria at one or two of the three depths. Yet, all 13 profiles were deemed acceptable 

XBT traces by the observer and transmitted to FNWC as inputs to operational acoustic 
parameter predictions. 


The above 13 XBT profiles are a subset of a set of 47 profiles to a depth of 400 m 
that were made by the DE STEIGUER in area C during the SUDS I experiments. Of the 
47 profiles, 10 (21.3%) satisfied the accuracy criteria at all three depths, 41 (29.8%) did 
not satisfy the accuracy criteria at all three depths, and 23 (48.9%) did not satisfy the 
accuracy criteria at one or two depths. These statistics are somewhat similar to the statistics 
for the 13 profiles transmitted to the FNWC, which suggests that the subset is a random 
sample drawn from the total set of 47 profiles. 


Table 50 lists the differences between the 200-, 300-, and 400-m XBT temperatures 
and the average hydrocast and STD/SV temperatures for the profiles transmitted to the 
FNWC. The differences varied from -0.36°C to 1.09°C, with four (9.3%) of the 43 differ- 
ences greater than 0.50°C. 


m 95D 96D 97D 98D 99D 102D 108D 112D 115D 


200 CE 0.17 0.10 0.53 0.46 0.02 CF -0.10 -0.04 
300 -0.08 -0.11 -0.12 0.35 ~0.09 -0.16 -0.12 
400 -0.11 0.01 0.30 0.26 -0.15 


Table 50. Summary of 200-, 300-, and 400-m temperature differences between XBT 
and average hydrocast and STD/SV temperatures for SUDS I XBT profiles taken 
by the DE STEIGUER in area C and transmitted to FNWC. 
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Figures 47 and 48 are facsimiles of two of the area C profiles that were transmitted 
to the FNWC during the SUDS I experiments. Shown in the inset are the 200-, 300-, and 
400-m temperatures (T) and the difference between these temperatures as well as the 
average hydrocast and STD/SV temperatures (AT). Figure 47 is a facsimile of XBT 97D 
taken in area C on 19 February 1972 at 0400 PST and satisfying the 200-, 300-, and 400-m 
accuracy criteria. Figure 48 is a facsimile of XBT 128D, which was taken in area C on 
21 February 1972 at 2200 PST and does not satisfy the 200-, 300-, and 400-m accuracy 
criteria. At 200-, 300-, and 400-m, the XBT temperatures were 1.09°C, 0.37°C, and 0.70°C 
higher than the average hydrocast and STD/SV temperatures. The 200-300-m temperature 
gradient bias is -0.72°C, and the 300-400-m temperature gradient bias is +0.33°C. These 
temperature biases convert to sound speed gradient biases of about -2.2 and +1.0 m/s/100 m, 
respectively. 


In conclusion, if this sample of 13 XBT profiles is representative of the data being 
transmitted to FNWC on a routine basis, the inclusion of many visually acceptable but 
actually erroneous measurements must certainly have an adverse effect on the accuracy 
of the acoustic predictions based on these measurements as inputs to the predictions. 
Certainly, some procedure or technique of detecting such measurements prior to their 
use as inputs to predictions is required. 
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Depth Ue AT 
200 9.86 0.10 


300 7.76 -G.11 
400 6.63 0.01 
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Figure 47. Example ot an XBT profile (97D) satisfying the accuracy criteria at 200, 300, and 400 meters and transmitted to 
FNWC during the SUDS I experiments. 
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Figure 48. Example of an XBT profile (128D) not satisfying the accuracy criteria at 200, 300, and 400 meters and 
transmitted to FNWC during SUDS I experiments. 


SUMMARY 


During six acoustic experiments conducted between 1971 and 1975, a total of 1978 
XBT temperature profiles were acquired — 26 by means of 1830-m XBT systems and 1961 
by means of 460-m systems. Included were special sets of measurements that provided data 
bases for absolute and relative accuracy studies. The measurements were made on eleven 
460-m and two 1830-m systems from four ships and two research platforms. In addition, 
independent temperatures were measured by using hydrocasts, STD/SV, thermistor chain, 
surface towed thermistors, and bucket thermometers. 


_ It is common practice to read XBT analog records visually with a temperature 
accuracy of +0.2°C and a depth accuracy of +2 m. In this study, all XBT records were read 
with a Hewlett-Packard 9864A Digitizer that has a temperature resolution of +0.05°C and a 
depth resolution of +0.94 m. 


XBT PERFORMANCE 


The following is a summary of the performance of the XBT systems used to provide 
the data for this study. 


460 m 1830 m 
Profiles attempted 1961 100.0% 26 100.0% 
Catastrophic failures 126 6.4% 8 30.8% 
Miscellaneous failures 52 2.7% 0 0.0% 
Partial successes IND 10.8% 8 30.8% 
Successes LES e7al 80.1% 10 38.4% 
Visually acceptable 1783 90.9% 18 69.2% 


where the above categories are defined as follows: 


Catastrophic failure — No usable measurements for depths greater than 50 m. 


Miscellaneous failure — Failed because of operator error, wire blowing 
against ship, etc. 


Partial success — Visually acceptable to a depth greater than 50 m but less 
than the maximum depth. 


Success — Visually acceptable to maximum depth. 


Visually acceptable — The sum of the successes and partial successes. No 
basis for rejecting as incorrect based on a visual inspection of the analog 
record. 


SYSTEM MEASUREMENT ERRORS 


STD/SV, CTD/SV, SVTP, XBT, thermistor chain, towed thermistor, and bucket 
thermometer temperatures were compared with hydrocast measurements to determine the 
corrections required to bring these measurements into agreement with the hydrocast 
measurements. These corrections are referred to as the system errors. 
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The system errors for the SED/SV, CTD/SV, SVTP, and thermistor chain systems 
were all small — varying from -0.03°C to 0.02°C. The errors for the towed thermistor and 
the bucket thermometers were slightly larger — varying from -0.11°C to 0.08°C. The 
system error for the towed thermistor, used during the Gulf of Alaska experiments, changed 
from 0.08°C to -0.11°C between the measurements made during the A2 experiments and 
those made during environmental survey 2. This may have resulted from a recalibration of 
the system between the two sets of measurements. 


Some of the XBT system errors were substantial — varying from -0.19°C to 0.23°C. 
These errors are fixed. To be certain that the absolute value of the temperatures recorded 
by a given XBT system is accurate, it appears necessary to determine the XBT system 
error. To do this, independent and simultaneous temperature measurements are required. 
In the absence of these latter measurements, the absolute value of the XBT recorded 
temperature is questionable to within approximately +0.2°C. 


SURFACE TEMPERATURE ACCURACY OF 460-m SYSTEMS 


Independent surface temperature measurements were made at the same time XBT 
profiles were made during the Gulf of Alaska, SUDS I, CAPER, and RAPLOC/DEEPTOW 
experiments. A few measurements were made by using the hydrocast and STD/SV systems. 
Most of the measurements were made by means of a towed thermistor (Gulf of Alaska), 
thermistor chain (SUDS 1), and bucket thermometers (CAPER and RAPLOC/DEEPTOW). 
A total of 736 XBT profiles were made, together with one or more independent and 
simultaneous surface temperature measurements. 


The purpose of these measurements was to check the surface temperature 
measurement accuracy of visually acceptable XBT profiles. As the analysis proceeded, a 
secondary purpose was realized. This was to use the independent measurements as detec- 
tors of malfunctioning XBT systems. Two malfunctioning systems were detected. The 
first system was used to make the Gulf of Alaska measurements. Comparison of the XBT 
surface temperatures with the towed thermistor temperatures showed that the XBT system 
began to malfunction when making XBT profile 166. Of a total of 327 profiles, the 
accuracy of the XBT surface temperature was questionable for 162 (49.5%) profiles. The 
malfunction of this system was not detected until the preparation of this study some 6 years 
after the data were published. The second system was used by the MOANA WAVE 
during the CAPER experiments. Comparison of the XBT surface temperature with the 
bucket temperatures showed that the MOANA WAVE XBT system began to malfunction 
when making XBT profile 46. Of a total of 138 profiles, the accuracy of the surface 
temperature was questionable for 103 (74.6%) profiles. The cause, or causes, of either of 
the malfunctions are not known. The malfunction of these two systems would not have 
been discovered if independent surface measurements had not been made. 


An analysis of the 400-m temperatures showed that the malfunctioning systems did 
not shift the profile by a fixed amount. The 400-m differences were not the same 
magnitude as the surface differences. 


Once the profiles made when the XBT systems were malfunctioning were detected 
and removed from the data set, the XBT and independently measured surface temperatures 
were in agreement. The average of 467 comparisons was 0.02°C with a standard deviation 
of 0.15°C. The distribution of the differences was slightly biased, with 56.5% being positive, 
38.6% negative, and 4.9% zero. 


All XBT profiles used in this analysis were originally classified as visually acceptable 
profiles. In the absence of independently measured surface temperatures, all 736 XBT 
surface temperatures would have been considered valid. In that event, the statistics would 
have been markedly altered, with the average difference being -0.15°C with a standard 
deviation of 0.47°C. In addition, the bias in the distribution of differences would have 
been reversed, with 56.3% of the differences being negative, 40.3% positive, and 3.4% zero. 


TEMPERATURE ACCURACY OF 460-m SYSTEMS 


XBT measured temperatures are compared with average hydrocast and STD/SV 
measurements, quasisimultaneous STD/SV measurements, and simultaneous thermistor 
chain measurements. 


Two studies compared the average hydrocast and STD/SV measurements with XBT 
profile measurements. The first study was based on a set of 826 visually acceptable profiles 
that reached a minimum depth of 200 m and the second on a set of 528 visually acceptable 
profiles that all reached 400 m and also had an independent surface temperature measure- 
ment. For the first study, comparisons were made at 200, 300, and 400 m since, at these 
depths, vertical temperature gradients are small. The second study made comparisons 
at the surface and at 200, 300, and 400 m. 


The first study showed that, in the absence of independent temperature 
measurements to detect XBT profiles made when an XBT system malfunctioned, the XBT 
system measures, on the average, temperatures that are higher and vertical temperature 
gradients that are larger than those measured by the hydrocast and STD/SV systems. 
Eliminating the profiles made when the two XBT systems malfunctioncd, a reanalysis of 
the remaining 559 profiles still supported the above conclusion. Thus, even with the omis- 
sion of obviously erroneous profiles made when XBT systems malfunction, there remain 
enough erroneous profiles to bias systematically the average temperature and the average 
vertical temperature gradient. Using an accuracy criterion based on the average hydrocast 
and STD/SV measurements, the data set was divided into a subset of 354 profiles that 
satisfied the criterion and one of 205 profiles that did not satisfy the criterion. The 
differences at all three depths for the data set that satisfied the criterion were normally 
distributed with mean near-zero and standard deviations of 0.07°C to 0.13°C. Once the 
biasing profiles were identified and removed from the data set, the remaining profiles 
accurately measured the temperature. The biasing profiles were detectable only with the 
aid of independent 200-, 300-, and 400-m temperature measurements. 


The results of the second study were similar to those obtained in the first study. 
For the set of 528 visually acceptable profiles, the XBT measured a surface temperature 
that, on the average, was 0.15°C less than the independently measured surface temperature. 
This results in an average positive temperature gradient bias in the surface-to-200-m, layer. 
Analysis of the 351 profiles that remained after the elimination of the profiles made with 
the two malfuncticning XBT systems showed that, at the surface, the XBT profiles 
measured a temperature slightly higher than the independently measured temperature. At 
200, 300, and 400 m, the XBT profile still measured temperatures slightly higher than the 
average hydrocast and STD/SV measurements. In addition, the vertical temperature gradient 
from the surface to 200 m was slightly biased. 

A total of 66 pairs of quasisimultaneous XBT and STD/SV profiles were used to 


examine further the accuracy of the XBT measurements at the surface and at 200, 300, 
and 400 m. All measurements were made with the vessel hove to and drifting or at anchor. 


Of the 66 profiles, 20 were made when the XBT systems malfunctioned. The statistics 
for all the differences for each depth were very similar to the results obtained from the 
first two studies. The major difference was that the standard deviations were somewhat 
larger for this study. The statistics for the differences associated with the profiles made 
when the systems were not malfunctioning were also similar to the statistics for the first 
two studies. 


Simultaneous XBT and thermistor chain measurements were made with the vessel 
both hove to and underway at 3 knots. Comparisons were made at 44 depths spaced 
from the surface to 242 m, the maximum depth of the thermistor chain. From a study of 
these measurements, it was concluded that the probes used measured temperatures from the 
surface to 242 m that were slightly less than those measured by the thermistor chain. The 
biasing of these differences may be related to using a “run” of eight consecutive probes. 
While underway at 3 knots, 73 XBT profiles were attempted. Comparisons of the 64 
successful and partially successful profiles with single thermistor chain temperature scans 
that started at the same time the XBT probe was released showed that three profiles 
were grossly in error and these were eliminated from the data set. Analysis of the remaining 
61 profiles suggested that below the near-surface layer, the thermistor chain measured 
temperatures slightly higher than the XBT measurements. This possibly resulted from a 
slight shoaling of the thermistor sensors as a result of the 3-knot towing speed. Since the 
thermistor chain depth sensor was inoperative, it was not possible to check this conclusion. 
Comparisons of the XBT measurements with thermistor chain measurements made in the 
near-surface layer showed that the 61 XBT profiles measured temperatures slightly higher 
than the thermistor chain. The average of 1037 comparisons was 0.04°C with a standard 
deviation of 0.13°C; 62.8% of the differences were positive; 35.3% were negative; and 1.9% 
were zero. These results are consistent with those obtained from the hydrocast and STD/SV 
as well as the quasisimultaneous STD/SV comparisons. In addition, a serial tabulation of 
the average differences, standard deviations, and the number of positive and negative 
differences for each of the 61 XBT profiles showed temperature measurement biases both 
with respect to measurements made by individual XBT probes and with respect to ‘“‘runs”’ 
of consecutive probes. 


PROFILES WITH LARGE DIFFERENCES 


The analyses summarized above were concerned primarily with average temperature 
differences. The results suggested that, on the average, the XBT system measured temper- 
atures in the surface-to-400-m depth interval that were slightly higher, and vertical 
temperature gradients that were slightly larger, than those measured by hydrocast, STD/SV, 
and thermistor chain systems. In many applications, the concern is not with average values 
but rather with the use and interpretation of individual, or a short series of individual, 
profiles. A set of profiles that reached a minimum depth of 200 m and whose temperature 
exceeded the average hydrocast and STD/SV temperatures by more than +0.50°C at 200, 
300, or 400 m was compiled. This set contained 54 profiles, which was 9.7% of the total 
set of 559 profiles. This set does not include the profiles made with the malfunctioning 
XBT systems. An examination of these data showed positive differences as large as 3.02°C, 
negative differences as large as -0.73°C, positive temperature gradient biases as large as 
0.96°C/100 m, and negative temperature gradient biases as large as -0.73°C/100 m. 


TEMPERATURE ACCURACY OF 1830-m SYSTEMS 


During the CAPER and RAPLOC/DEEPTOW experiments, twenty-six 1830-m XBT 
profiles were attempted. Of the eight profiles made during CAPER, one was a catastrophic 
failure and seven were successes. Of the 18 profiles made during RAPLOC/DEEPTOW, 
seven were catastrophic failures, three were successes, seven were partial successes, and one 
exceeded the calibration correction of +0.34°C. The eight catastrophic failures were all 
related to an apparent temporary insulation failure in the upper 50 m of the profile. Since 
no independent temperatures were measured concurrent with the CAPER XBT measure- 
ments, an analysis of their accuracy was not possible. However, on the basis of information 
available, there was no reason to question the validity of the seven visually acceptable 
profiles. An examination of the RAPLOC/DEEPTOW 1830-m profiles showed that in spite 
of apparent temporary insulation failure, some of the catastrophic failures and partial 
successes appeared to record valid temperatures for some depth intervals. However, compar- 
ison with CTD/SV measured temperatures showed that several of these profiles measured 
temperatures markedly different from the CTD/SV temperatures for depths greater than 
that of the first indication of insulation failure. For the three successful XBT profiles, the 
temperatures measured at standard hydrocast depths from 200 to 1500 m were compared 
with the average CTD/SV measured temperatures. The differences varied from -0.25°C- 
to 0.09°C. 


COMPARISON OF SIMULTANEOUS XBT PROFILES 


During the ORB-3 and RAPLOC/DEEPTOW experiments, 96 pairs of simultaneous 
460-m XBT profiles were attempted from the ORB, with 20 pairs made under tow at 
5 knots and 76 at anchor. During the RAPLOC/DEEPTOW experiments, eighteen 1830-m 
profiles were attempted simultaneously with 460-m profiles taken on two different 460-m 
systems. The number of visually acceptable pairs of 460-m profiles was 90, and the number 
of visually acceptable triplets was 10. These data were used to examine the relative 
accuracy of 460-m and 1830-m XBT systems. Temperatures at standard hydrocast depths 
and near-surface-layer depths were compared. Comparisons were made for depths in the 
near-surface layer, in the thermocline, and below the thermocline. 


The 460-m comparisons showed that 43 (47.8%) pairs of the 90 pairs satisfied the 
+0.34°C accuracy specification at all comparison depths; 62 (68.9%) satisfied the accuracy 
specifications at all in-layer and below-thermocline depths; and 28 (31.1%) pairs did not 
satisfy the accuracy specification at one or more in-layer and below-thermocline depths. 
For nine (10.0%) pairs, the near-surface-layer depth difference exceeded the +5-m accuracy 
specification; for 81 (90.0%) pairs, it was less than the accuracy specification. For both 
sets of comparisons, considerably more differences were positive than negative. 


In each set of comparisons, one of the systems consistently measured a higher 
temperature than the other. Of a total of 1116 comparisons, the absolute value of the 
differences exceeded 0.34°C for 16.6% of the comparisons. 


An examination of individual pairs of profiles showed that many of the pairs 
differed by large amounts. Some pairs measured large differences starting in the near- 
surface layer, with the difference being a variable function of depth; while other pairs 
agreed identically in the near-surface layer and began to differ at some depth below the 
thermocline, with the difference being an increasing function of depth. Figures 43 to 
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46 contain eight pairs of profiles that illustrate the nature of these differences. For example, 
one pair showed minor differences in the near-surface layer and identical agreement in the 
thermocline. However, below the thermocline they began to differ, with the difference 
being an an increasing function of depth. At 400 m, the difference had increased to 3.01°C. 
Generally, when pairs of profiles exhibited large differences, the profile measuring the 

higher temperature was the incorrect profile. This is important since, if undetected, the 
temperature errors of these profiles are systematic, biasing, and nonrandom. 


Comparison of ten 1830-m profiles with two sets of simultaneous profiles made 
on two different 460-m systems showed that 15 (75.0%) pairs of the 20 pairs agreed to 
within +0.34°C at all above and below-thermocline comparison depths. For 17 (85.0%) 
pairs, the layer depth difference was less than or equal to 5 m. On the average, the 1830-m 
system measured temperatures that were slightly lower than the temperatures measured 
by the two 460-m systems. 


PROFILES TRANSMITTED TO FLEET NUMERICAL 
WEATHER CENTER 


During the SUDS I 1972 experiments, the DE STEIGUER routinely digitized and 
transmitted XBT temperature data to the Fleet Numerical Weather Center (FNWC), 
Monterey, CA, where they were used as inputs to predictions of propagation loss and 
Fleet sonar performance. From 8-23 February 1972, 31 profiles were attempted, with 
three being catastrophic failures. The remaining 28 profiles were judged to be visually 
acceptable by the observer and were digitized and transmitted. Of the 28 profiles, 15 
were made in area C where enough hydrocast and STD/SV measurements had been taken 
to establish an average 200+, 300-, and 400-m temperature. Of these 15 profiles, 13 
reached 400 m. Of the 13, the number satisfying the accuracy criteria at all three depths 
was three (or 23.1%); at two depths was two (or 15.4%); at one depth was three (or 23.1%); 
and at no depth was five (or 38.5%). Thus, out of 13 profiles reaching 400 m, only 23.1% 
satisfied the accuracy criteria at all three depths, and 38.5% did not satisfy the criteria at 
any of the three depths. Yet, all 13 profiles were deemed acceptable by the observer and 
transmitted to FNWC as inputs to operational acoustic parameter predictions. In addition, 
the differences varied from -0.36°C to 1.09°C, with four (9.3%) of the 43 differences 
greater than +0.50°C. 


CONCLUSIONS 


Evidence has been presented to support the following conclusions concerning the 
accuracy of XBT temperature measurements: 


@ XBT system errors varied from -0.19°C to 0.23°C. To determine these errors 
independent and simultaneous temperature measurements are required. In the absence of 
such measurements, the absolute value of the XBT recorded temperature is questionable to 
approximately +0.2°C. 


@ Properly functioning XBT systems may develop malfunctions while making a 
series of profiles and produce visually acceptable, but erroneous, temperature profiles. 
Other information, such as independent temperature measurements, is required to detect 
and identify such malfunctioning 460-m XBT systems. In these studies independent surface 
temperatures were measured concurrently with 736 visually acceptable XBT profiles made 
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on seven different 460-m systems. Surface temperature comparisons showed that two of 
the systems, after making a series of accurate profiles, malfunctioned. Comparison of 
400-m temperatures showed that the malfunction did not result in a simple temperature 
displacement of the profile. Consequently, it produced profiles having systematic errors 
in the vertical temperature gradients. The profiles made after the system malfunctioned 
were visually acceptable profiles. Of 736 profiles 36.5 percent were made by the mal- 
functioning systems. 


@® Ofa total of 1961 attempted 460-m profiles, the following percentages apply: 


Visually acceptable to the maximum depth.......... 80.1% 
Partiallyasuccesstulvar mnie er ieee Ge Reon 10.8% 
Catastrophichailunesi: seer tei torrente 6.4% 
Miscellaneous talluresiapra eee ee ee Deldos 


@ Ofa total of 518 460-m XBT profiles made when the XBT systems were not 
malfunctioning, only 37.8 percent of those reaching 400 m satisfied 200-, 300-, and 400-m 
accuracy criteria at all three depths and 19.9 percent failed to satisfy the accuracy criteria 
at all three depths (see table 32). The accuracy criteria were based on average hydrocast 
and STD/SV temperatures. 


@ Comparison of XBT temperatures with average hydrocast and STD/SV 
temperatures, quasisimultaneous STD/SV temperatures, and thermistor chain temperatures 
taken underway at 3 knots showed that the 460-m XBT systems measured, on the average, 
temperatures that were higher and vertical temperature gradients that were larger than those 
measured by the other systems. Once the profiles associated with the large differences 
were identified and removed from the data set, the remaining profiles accurately measure 
the temperature. For this data set, the average differences were near zero with standard 
deviations of 0.07°C to 0.13°C. 


@ Ofa total of 559 profiles made when the XBT systems were not malfunctioning 
and also were reaching a minimum depth of 200 m, the 200-, 300-, or 400-m temperatures 
for 54 (9.7 percent)of the profiles exceeded the average hydrocast and STD/SV temper- 
atures by more than or equal to +0.50°C at one or more of the three depths. 


® The data set included 26 attempts to make 1830-m XBT profiles. Of the 26 
attempts, 10 were successes, 7 were partial successes, 8 were catastrophic failures, and one 
exceeded the calibration correction. The catastrophic failures were so classified because 
of apparent temporary insulation failure in the upper 50 m. The measurements made at 
depths greater than the apparent insulation failures for some profiles appear accurate. 
However, use of these measurements without other confirming measurements for depths 
greater than the first insulation failure may result in some risk. 


@ “Runs” of consecutive XBT profiles were observed in which the temperature 
measurements are accurate within prescribed limits. However, the measurements do not 
vary randomly within these limits and form a statistical run of biased data. 


® Comparison of 90 pairs of simultaneous visually acceptable 460-m XBT profiles 
at standard hydrocast depths indicated the following: 
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47.8% satisfied a +0.34°C accuracy specification at all 
comparison depths. 


68.9% satisfied the accuracy specification at all in-layer and 
below-thermocline depths. 


31.1% did not satisfy accuracy specifications at one or more 
depths. 


90.0% of the near-surface-layer depth differences satisfied the 
accuracy specification for depth. 


10.0% of the near-surface-layer depth differences did not satisfy 
the accuracy specification for depth. 


@ Of a total of 1116 comparisons of simultaneous pairs of XBT temperatures, the 
absolute value of the differences exceeded two standard deviations of the manufacturer’s 
specified accuracy for 16.6 percent of the comparisons. 


@ An examination of individual simultaneous pairs of visually acceptable 460-m 
profiles showed that many of the pairs differed by large amounts. Some of the pairs 
measured large differences starting in the near-surface layer, with the differences being a 
variable function of depth, while others agreed identically in the near-surface layer and 
began to differ at some depth below the thermocline, with the difference being an increasing 
function of depth. 


@ During the SUDS I experiments, 28 XBT profiles were judged by the observer to 
be visually acceptable and were digitized and transmitted to the Fleet Numerical Weather 
Center where they were used as inputs to predictions of Fleet sonar performance. Of the 
28 profiles, 15 were made in area C, where enough hydrocast and STD/SV measurements 
were taken to establish an average 200-, 300-, or 400-m temperature. Of the 15, 13 reached 
a depth of 400 m. Of those reaching 400 m, the percentages satisfying the 200-, 300-, and 
400-m accuracy criteria at the various depths were as follows: 


All three depths: 3, or 23.1% 


Two depths: 2, or 15.4% 
One depth: 3, or 23.1% 
No depths: 5, or 38.5%. 


If this sample of 13 XBT profiles is representative of the data being transmitted to FNWC 
on a routine basis, the inclusion of many visually acceptable but actually erroneous 
measurements must certainly have an adverse effect on the accuracy of the acoustic pre- 
dictions based on these measurements as inputs to the predictions. 


RECOMMENDATIONS 


e Asaresult of its review of these studies, the Sippican Corp suggests that the 
following procedure be used for those applications requiring retention of full available 
system accuracy. 


“... calibrate with an A2A test canister whenever (1) a new 
roll of chart paper is installed, (2) at four-hour intervals during 
continuing drops, and (3) whenever the 2-second, mid-scale 
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calibrate trace exceeds +.1°C from 16.7°C. In addition, a once 
per day check using an A4 XBT test box provides a quick 
indication of incipient launcher leakage before it becomes 
severe enough to affect system accuracy.” 


The preceding should be standard operating procedure for all users of Sippican’s XBT 
systems. If this is not possible, independent surface measurements should be made 
simultaneously with each XBT profile. These measurements may be used to check whether 
or not an XBT system is properly functioning. 


@ When asystem malfunction is recognized while making measurements keep 
intact the configuration of the system. Contact Sippican Corporation upon return to port 
to investigate the cause of the system malfunction. 


@ Enter the identification number of the XBT probe carton on the XBT log. 


@ When it is recognized that a system has malfunctioned while making measure- 
ments, the configuration of that system should be kept intact. The Sippican Corp should 
be contacted promptly after the vessel returns to port, so that the cause of the system 
malfunction can be investigated. 


@ Modify the XBT system to include a depth sensor that would measure a single 
depth independent of the drop time and provide an indication of this depth on the analog 
record. This measurement could be used to correct for depth bias. 


@® Develop a method or technique for identifying visually acceptable but gradient- 
biasing XBT profiles before they are used in any application and before they are archived. 


@ Implement a precision digitizer and/or a more accurate analog display in the 
recording system of the XBT system. The accuracy of a good profile (ie, one free from 
problems) warrants the use of an improved recorder. 


® Investigate possible causes of XBT system malfunctions. Once the cause, or 
causes, are identified, modify the XBT system to eliminate the causes. 


® Conduct similar studies based on measurements made by means of several XBT 
systems and following the Sippican operating procedure. These new data sets may be used 
to determine whether the new procedure corrects the anomalies revealed in the present 
studies. 


SIPPICAN RESPONSE TO THE 
ANDERSON REPORT 


In response to the report, EXPENDABLE BATHYTHERMOGRAPH (XBT) 
ACCURACY STUDIES, by E. R. Anderson, outlining various temperature-depth inaccu- 
racies found with Sippican’s XBT system, a brief summary of the major XBT system error 
sources is outlined below. 


(1) Recorder 


Zero (Adjustment) 

Full Scale (Adjustment) 
Response Time 

Chart Paper 
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(2) Launcher 
Insulation Leakage 
(3) Probe 


Wire Resistance Unbalance 
Wire Insulation Leakage 
Thermistor Offset/Slope 
Thermistor Insulation Leakage 


Installation of an A2A test canister in the launcher provides an overall system test for (1) 
and (2) above. If the results of this test indicate that no setting of the zero and full-scale 
adjustments for -1.1°+.1° and 34.4°C+.1°, respectively, result in a 16.7°+.1°C mid-scale 
reading, then a 100 VDC high pot check of launcher leakage resistance (normally done on 
a monthly basis) would be in order to determine a probable launcher leakage resistance 
condition of considerably less than 1OOMQ2. Alternatively, testing with an A4 XBT test 
box will also indicate the presence of excessive launcher leakage. 


Many times in the report the phrase, ‘‘accuracy criteria,” in regard to XBT 
temperature is used without specific reference to actual value. It is assumed from the 
analysis on page 19, Vol. I of Mr. Anderson’s report that +.24°C (two standard deviations of 
assumed value of +.12°) is meant.* Sippican specifies the system with a stated worst case 
temperature accuracy of +.2°C (+.1°C for the probe and +.1°C for a properly maintained 
and calibrated recorder). Such calibration will provide a read-out within +.1°C at -1.1°C, 
+16.7°C and +34.4°C when checked with an A2A test canister. Because it is possible that 
a shift in gain can occur that will affect high temperature readings twice as much as mid- 
scale readings, and very little at low temperatures, the practice of using the mid-scale 
calibration value as a correction is questionable. It’s better than no correction but obviously 
more “‘chancey”’ than recalibrating the system. For a simple zero offset error, the practice 
is reasonably acceptable since it applies almost equally across the total temperature span. 
(“‘Almost” because of the chart nonlinear temperature compensation used to correct for the 
thermistor-series resistor “‘S”’ curve nonlinearity of .8°C at about .8°C and 24.°C). 


The procedure Sippican would use for those applications requiring retention of full 
available system accuracy is to calibrate with an A2A test canister whenever (1) a new roll 
of chart paper is installed, (2) at four-hour intervals during continuing drops, and (3) when- 
ever the 2-second, mid-scale calibrate trace exceeds +.1° from 16.7°C. In addition, a once 
per day check using an A4 XBT test box provides a quick indication of incipient launcher 
leakage before it becomes severe enough to affect system accuracy.** 


Assuming a correctly-maintained and adjusted launcher-recorder system, then a 
series of probe drops will reflect probe wire/thermistor problems as follows: 


@® Wire Resistance Unbalance 


May be either up or down scale error depending on which lead has higher 
resistance; will have more noticeable effect at higher temperatures where thermistor 


*See author’s note A. 
**See author’s note B. 
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resistance change per degree is less. Sippican hand-tailors each probe lead resistance match 
to less than .03°C error at 25°C. 


® Wire Insulation Leakage 


Generally , (although not always) produces up-scale error, since a leak in the 
“A” lead will have more effect than a similar leak in ‘‘B’’; will have more noticeable effect 
at cold.temperatures where thermistor resistance is higher and is more susceptible to high 
shunting resistance. Normal wire insulation leakage contributes less than .03°C error 
at —1).1°C. 


@ Thermistor Offset 


May be either up or down scale and results in a temperature reading that is always 
more or less than actual by about the same amount. 


@ Thermistor Slope 


Little or no error around 25°C, increasing in either up or down scale direction as 
end scale temperatures are approached. Typical sum of offset and slope errors is .1°C max. 
over the 0°C to 30°C span. 


@ Thermistor Insulation Leakage 


Always up scale and more noticeable at cold temperatures where thermistor 
resistance is high. 


Because Sippican normally in-line production tests each XBT for an accuracy of 
+.1°C at room temperature, most of the field failures result from wire and thermistor 
insulation leakage which will tend to bias failures heavily in an up-scale direction. 


With the aforementioned error sources in mind, the following discussion relates to 
the ‘Summary of Results” in Mr. Anderson’s report. 


(1) Two out of eleven 460-m systems malfunctioned to produce erroneous but 
visually acceptable temperature errors after making accurate drops and yielded 36.5% of 
total data that was outside stated system error. 


Comment: 


We suspect leakage resistance of launcher and launcher cable was too low. This 
is normally result of salt water penetration of cable or launcher through physical damage 
to the launcher or cable. It is visually detectable by installing an A2A test canister in 
launcher and testing as described on page 11 of Volume I of Mr. Anderson’s report. It may 
be compensated, if not excessive, by recalibrating zero and full scale. It is definitely 
established by the recommended monthly Reference Standard Leakage Test B-1 of 
Table 5-4, page 5-4 of R-603, Instruction Manual for XBT System or by testing with an A4 
XBT test box. 


Effects of low-leakage resistance do tend to bias readings upscale by a greater 
amount at colder temperatures. 


(2) Only 80.1% of 460 m system drops would have been visually acceptable. 
Comment: 


Normal acceptance rate is 90% or better for 460 m probes that are two years 
old or less. Older probes will fail at a higher rate due to aging of wire and thermistor 
insulation. If a customer experiences an abnormally high probe failure rate, Sippican will 
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provide replacement units providing the data and circumstances indicate that defective 
probes less than two years old were responsible. 


(3) Only 37.8% of a total of 518, 460 m system drops satisfied ‘“‘accuracy criteria” 
(+.24°C)* at all three depths of 200 m, 300 m and 400 m and 19.9% failed accuracy criteria 
at all three depths. 


Comment: 


Accuracy of the system exists in two frames of reference depth and temperature. 
Sippican states temperature accuracy at +.2°C (+.1°C probe and +.1°C recorder) and depth 
accuracy at +15 feet or +2%, whichever is larger. 


Any apparent temperature error at specific depth is the result of both real 
temperature error and depth induced temperature error, if a gradient exists around that 
depth. For this reason, Sippican would establish system accuracy by measuring temperature 
and depth at the start and/or finish of a known zero-gradient temperature/depth feature, 
rather than an indicated temperature at an apparent depth, to eliminate the added apparent 
temperature error resulting actually from depth error.** 


In addition, as mentioned above, probes that are out of two-year warranty may 
exhibit greater error than the assigned +.1°C over the 460 m depth range because of gradual 
wire and thermistor insulation degradation with time. 


(4) XBT temperatures and temperature-depth gradients are higher than those 
measured by other systems.*** 


Comment: 


In general, probes older than two years may have thermistor and wire leakage 
levels that influence temperature readings. Insufficient wire and thermistor insulation 
resistance will produce, in a majority of cases, higher temperature readings. Furthermore, 
as more wire becomes wetted, e.g., at greater depths, its insulation leakage becomes greater 
and exhibits greater effects on the readings, usually in an up-scale direction. Hence, actual 
temperature error would be expected to increase in an up-scale direction with depth for 
out of warranty XBT probes. 


Unless the gradient being measured was positive, e.g., increasing temperature 
with increasing depth, the effect of wire leakage would seem to be to reduce the actual 
gradient rather than increase it. 


(5) Of 559 profiles made that reached at least 200 m when neither of the two 
recorder systems that malfunctioned were contributing errors, 9.7% (54) exceeded average 
hydrocast and STD/SV temperatures by 2.5°C at one or more of the sampled depths of 
200 m, 300 m, or 400 m. 


Comment: 


A number of these units might be expected to fail because of normal production 
tolerance on wire and thermistor insulation resistance. However, a quantity approaching 


*See author’s note A. 
**See author’s note C. 
***See author’s note D. 
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10% is considered excessive and indicative of either insulation degradation with age or 
possibly the result of data points taken at a gradient.* 


(6) Of eight, 1830 m probe drops from FLIP in 1974, seven were successful, while 
in 1975, of eighteen, 1830 m probe drops from the ORB, only three were successful. 


Comment: 


Because the length of the 1830 m probe wire link is four times that of the 460 m 
probe, a higher failure rate is normally expected. Typically, Sippican experiences a success 
rate of around 80% for this probe. The excessively high failure rate due to apparent wire 
leaks during the ORB drop infers a possible problem stemming from the launch platform, 
e.g., a high platform, perhaps, allowing a combination of wind and/or sea action to rub 
the wire link against the ship’s hull or mooring lines of other devices. However, the good 
success rate (over 90%) for the two 460 m systems seems to rule out such a problem source 
(assuming launch conditions were similar for all three systems). 


One additional source of problem can be accumulation of salt buildup and debris 
around the lip of the launcher bell-mouth. If a third launcher, separate from the more 
successful 460 m drops, were used for the 1830 m attempt, the possible presence of such 
encrustation around the bell mouth, coupled with wind and/or water motion, could have 
produced some of the early failures experienced. Sippican suggests weekly inspection 
and soft-cloth cleaning of the launcher mouth to prevent such problems. 


Finally, the possibility does exist that a group of faulty probes were encountered. 
Assuming that the possibilities cited were not the cause of failure and that the probes were 
less than two years old, Sippican’s policy of replacement includes the 1830 m probe as well 
as the 460 m.** 


(7) “Runs” of XBT profiles that measure within specifications but with a bias in 
one direction rather than a random distribution. 


Comment: 
Besides occurring because of a miscalibrated recorder, such “‘runs’’ can also 
result from the following causes. 


The thermistors employed in the probes are manufactured by a batch lot process 
yielding several thousand at a time. The process produces units that are very similar 
within a batch for slope. The units are then individually ground to value at one temperature, 
which is periodically reset to centerline value after some degree of in-tolerance drift. Either 
or both of these variances can produce thermistor lots that are within specification but 
exhibit bias on one side or the other. 


(8) Individual units of “many” simultaneous pair drops showed excessive 
differences in temperature at depth. 


Comment: 


A total of 90 out of 96 paired drops were visually acceptable (93.8%). 
Comparisons were made at fixed apparent depth increments of 200 m, 300 m, and 400 m 


*See author’s note C. 
**See author’s note E. 
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and differences were noted. Because normal system depth errors of +2% or +15 feet can 
produce resulting apparent temperature errors at depths located within rapid temperature 
changes, care must be used to select temperatures within a mixed layer.* Typically, 
Sippican would expect up to .4°C worst case temperature disagreement between simul- 
taneous probe drops in the same constant temperature body of water, exclusive of depth- 
induced temperature errors. 


Of the trace results in relatively constant temperature water, 76 pairs showed 
essential agreement to within .4°C. Trace 47 (Figure 43A) is an example of a marginal 
failure to this criteria, where one appears to measure about .2°C low and the other about 
.2°C high. The total acceptable probe pair drops expressed as a percent is 76/96 X 100 
= 79.2%, statistically close to the expected value for a 90% reliable probe of (.9 X .9) 81%. 


It should be expected that the great majority of failures will occur in an upscale 
direction (as was noted by the author) if the failure is caused by poor insulation quality 
and will become more noticeable with depth as more insulation is exposed. 


(9) Out of 15 probe drops made in water of known temperature profile, only 13 
provided visually acceptable data to 400 m and of the 13, only 3 provided temperature 
data to the “‘accuracy criteria’ at each of three monitored depths at 200, 300, and 
400 m.** 


Comment: 


Assuming Drop 128D (Figure 48) is a typical example of profiles failing at all 
three depths, the following conclusions may be drawn. 


Based on knowledge of expected depth-temperature results from previous drops, 
this profile exhibits a consistent upscale reading with visible ‘“‘rounding”’ in the surface 
mixed layer, indicating possible excess leakage in either wire, probe, or launcher. Since 
some earlier and later profiles did not exhibit this anomaly, it is concluded that the error 
can be probably attributed to poor wire or thermistor insulation. Because the failure is 
not catastrophic but rather marginal, insulation degradation with age is suspect. 


The following discussion relates to “Recommendations” suggested by the author. 
@ Make routine surface measurements as a check on XBT system. 


A preferred method would seem to be more extensive use of A2A test canister 
and A4 test box to detect system maintenance and calibration problems. 


©@ Log I/D of probe carton. 


Excellent recommendation. Questions relating to “‘bad’’ 460 m probes (and up 
to 10% can fall in this category) versus ‘“‘out-of-warranty” probes could be immediately 
settled if this were adopted. 


©@ Contact Sippican when system malfunctions for analysis and repair. 


Excellent suggestion. Questions relating to launcher leakage and recorder 
performance can be settled much more expeditiously. 


*See author’s note C. 
**See author’s note A concerning accuracy criteria. 
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® Incorporate a depth sensor in test probes. 


Possible, but only with extensive design effort. When feasible, suggest location 
over bottom of known depth and use of “‘glitch’’ occurring on chart paper as probe strikes 
bottom as a depth check indicator.* 


® Identify possible “bad” traces before archiving data. 


Possible, through use of ‘“‘second drops” in questionable cases. Still requires 
training in judgement and/or supplying information on what trace should look like; 
definitely a recommendation to pursue. 


® Eliminate causes of XBT system “‘failure.” 


From the preceding discussion it appears that more extensive use of A2A and A4 
testers will eliminate most of the apparent system failures encountered. The new MK8 
recorder performs more “‘self-checking”’ but still requires a test canister to “know” the 
launcher is ““OK.”’ As long as a launcher is required, a test canister should be used as often 
as possible when full system accuracy is required. 


e@ Implement a precision digitizer and/or a more accurate display. 


Sippican MK8 or AN/BQH-7 systems provide precise recording of full digital data 
on cassette storage for ease of data handling and includes a self-calibrated strip chart display 


AUTHOR’S NOTES RELEVANT TO SIPPICAN RESPONSE 


NOTEA 


In this section, Procedure for Determining XBT System Error, 200-, 300-, and 
400-m temperature accuracy criteria intervals are defined. For convenience, these intervals 
are referred to in the text as accuracy criteria, The accuracy criterion, as defined, is a 
variable, being a function of depth, the average hydrocast temperature, and its variability 
(table 13), the XBT system error (table 16), and the manufacturer’s stated absolute value 
of the accuracy of the XBT system converted to a standard deviation. The accuracy 
criterion is not assumed to be +0.24°C, a constant, but takes into account the variability 
present in the various water masses where the hydrographic casts and XBT measurements 
were made. 


For example, in the Gulf of Alaska at 200 m in water mass 2, the standard deviation 
of 65 hydrographic cast measurements was 0.04°C, while in water mass 7 it was 0.67°C 
for eight measurements (table 13). Thus the accuracy criterion at 200 m in water mass 2 
was 3.88 - 4.12°C and in water mass 7 was 4.11 - 5.47°C. If an XBT profile measured a 
200-m temperature in water mass 2 that was within the above interval (0.24°C), it satisfied 
the criterion. Likewise, if a measurement made in water mass 7 was within the appropriate 
interval (1.36°C), it also satisfied the accuracy criterion. 


NOTE B 


At the time of this analysis the procedure, recommended by Sippican and 
concerning the use of the calibration line on the XBT profile for determining the measured 


*See author’s note F. 
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temperature, is discussed in the section, Procedure for Determining XBT System Error. The 
author agrees that the procedure Sippican now recommends will materially improve the 
accuracy of XBT measured temperatures. In the future, this should become a part of the 
standard operating procedure for making XBT measurements. 


NOTE C 


The author recognizes the importance of a depth error on the temperature at any 
depth, and that its contribution to the temperature error is a function of the magnitude 
of the vertical temperature gradient at the depth under consideration. The 200-, 300-, and 
400-m depths were selected for comparison since, for all data sets, these were below the 
thermocline where vertical gradients are small. 


Using Sippican’s depth error of +15 ft (4.6 m) from the surface to 230 m and +2% 
for depths greater than 230 m, temperatures were measured at 200 +4.6, 300 +6.0, and 
400 +8.0 m for selected XBT profiles made in each of the water masses where measurements 
were made. The vertical temperature gradients at 200, 300, and 400 m were computed 
from these measurements. In the following tabulation of these gradients, the units are °C/m. 


Depth, m 
200 300 400 

GULF OF ALASKA 

Water asspai tenet et teen careless 0.000 0.001 0.004 

Wiateninassy/imnans Cask ore on ene -0.007 0.000 -0.001 

Transition water mass............. 0.001 0.001 0.001 
SUDS I 1972 

J ATTORUING Bir RO ar Ie eR a ose -0.009 -0.007 -0.004 

PNTOEVTES Oo eel ORNS! Sae  ROENe RAI -0.038 -0.012 -0.005 
OR BSE ee Me eke OE RTA Ce lis RM ee AT -0.017 -0.018 -0.007 
ORBEA Mee hatte nce rents eRe ate as -0.009 -0.014 -0.007 
CAPER 

Wate rminlassileteenet tance her tate er -0.024 -0.013 -0.020 

Wate rin assea) apean. uehoSpea tee aye onic ~0.010 -0.013 -0.017 

Wiate retraces tnay enamine ean hit ia a eto -0.001 -0.008 -0.016 
RAPLOC/DEERTOW AS ane eee ~0.024 -0.004 -0.005 


It is believed that the overall contribution of the system depth error to the 
temperature error at 200, 300, and 400 m is minor compared to other factors contributing 
to the observed temperature differences. 
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NOTE D 


Result 4 states “Comparison of XBT temperatures with average hydrocast and 
STD/SV temperatures, quasisimultaneous STD/SV temperatures, and thermistor chain 
temperatures taken under way at 3 knots shows that the 460-m XBT systems measure on 
the average temperatures that are higher and vertical temperature gradients that are /arger 
than those measured by other systems.”’ Note the use of the words /arger and higher. The 
mathematical convention that a positive number is /arger than a negative number is used in 
this paper. Thus a +0.12°C/100-m gradient is /arger than a -0.22°C/100-m gradient. If 
the temperature differences are a positive increasing function of depth, the absolute value 
of the gradient is reduced. However, if the above convention is used, the mathematical 
value of the gradient becomes larger. Thus there is no contradiction. The author agrees 
with the Sippican comment. It is a matter of definition of terms. 


NOTE E 


The simultaneous XBT measurements made on the ORB were by J. R. Lovett of 
NOSC. The 1830-m probes used were purchased from Sippican especially for this set of 
measurements. No problems with wind, high seas, or salt buildup around the lips of the 
launchers were encountered. However, according to J. R. Lovett, ““The short deck cable 
used with the 1830-m probes constrained the location of the launcher to a position about 
15 ft from an ORB cable. This adverse location probably accounted for most of the 
catastrophic failures encountered with these deep probes.’ The relative location of the 
launchers is noted in the section, Comparison of Simultaneous XBT Measurements. 


NOTE F 


Since each XBT probe has its individual rate-of-fall characteristic, this suggestion 
can be used only where water depths are less than 460 m or 1830 m, depending on the 
type of probe used. Since many measurements are made in water depths greater than 
these, the author feels that the incorporation of some simple sensor that would make one 
depth measurement at some depth, such as 400 m, would greatly improve the validity of 
the assumption that depth can be determined from the fall time and, if there were a dis- 
agreement between the two measurements, would provide a first-order depth correction. 
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Programs to Digitize XBT Records 
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FRIHTER OUTFUT. 


E 
EB 
(S 
= 
[5 
Cc 
E 


Fi 
FE 
ig 
40 F: 
Fi 
ai 
ai 


aor io 


TSF 
THPLIT 1g 
DISP “DATETIME "4 

TMPUT C$ 

TISP “ENTER SvSTEM ERROR” 5 

THFUT © 4 

REM READING STANDARD DEPTH FROM TABLE 
FOR Hei) Ta 24 

EAD DEH] 


Li TTT 


me 


Pk ee 
a} Sat ine iad E 


RORRECT FOR SREWMESS OF GRAPH 


TE Ht 


GOTO 


i ee ee 


AWD ABSECG, 
aa 


= THEM Liat 


TEMPERATURE CORRECT TOM 


Wim 


DEPTH CORRECT 


eaten 
=I 


WaT emis 


A 


ie 


ae 


8 
,O0O0; 


EMTER TABLE [RTF 


BR mt TES tel 


wi Own 


mime 


FOR H=1 TO 24 
TF ABSCULCHI-Do%1 THEM 858 
WRITE? (as #3 


mi im 
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H TG READ 468 AHD ree METER SBT CTPres 7 


TIHISFHTHFAC+E 1 
GOTO SFPa - 


HEAT H 
GOTO SPe- 
REM PRETHT TABLE 
WRITE © 4 

PRIHT 
PRIHT 
PRTHT 
PRIMT 1 
FR IHT 
WRITE Clos11584 


2" DATESTI 
Aa LATITUDE 


LCG ETI & 


H=1 TO 6 oe 
Los t14630LH ds TLDs DEME ds TLMFG Te De te de TOMA Le PD HMe le ds Toa ded 


oR REEMHTER DATA POTHTS 


WRITE t15s 
RESTORE 
BOTO 1 ae 
EHD 

DEF FHI 
l= 


“OR eben] 
1 EGA Tot 


lw 


ee SS AS SE BE PB Pel 


coe 


Svea Pe Bo ae Fe 
heh 


: 


a 


Oj Min Bio hre im 


Om: 


he ID TEST PRC tort” 


hs ERT R= Feo  TEMRS RATE 
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PEROT SANE fat rile | Wh 5 
Pua! ke Haan Hest 


ESP Tet CORRES LLU 


EATER TREE TA TRL 


PRESS ec 


THIET Gtich 
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LTYPE TS: 


TEPTH ERMA? OOH 


2.412844 
RHO 


a 
War ii ik 


1 
1 
FORM 1 
FORMAT 1 

4 


FORMAT 

EMD 

REM GRIM TEST PROGRAM” 
E=4 
EHTER 
PRIHT 
GOT 


“TEP TH= FMDV TEMPS" FATS 
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APPENDIX B 


Difference Between Average Hydrocast and 
STD/SV and XBT Profile Measurements 
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Depth, 
m n 


ALL VISUALLY ACCEPTABLE PROFILES 


200 270 
300 263 
400 255 


PROFILE SET I 


200 105 
300 102 
400 96 


PROFILE SET IA 


200 68 

300 70 

400 64 
Depth, 

m n 


ALL VISUALLY ACCEPTABLE PROFILES 


200 153 
300 142 
400 Sy 


PROFILE SET I 


200 109 
300 100 
400 96 


PROFILE SET IA 


200 ie 
300 60 
400 55 


Water Mass 2 


Differences, °C 


AT 


0.068 
0.100 
0.122 


0.069 
0.078 
0.086 


-0.015 
-0.003 
0.016 


Transition Water Mass 


Differences, °C 


AT 


0.104 
0.135 
0.147 


0.114 
0.127 
0.137 


0.006 
0.034 
0.036 


S 


O27 
0.29 
O29 


0.20 
0.18 
0.18 


0.07 
0.07 
0.07 


S 


0.28 
0:22 
0.21 


0.11 
0.08 
0.08 


GULF OF ALASKA Experiments 


Positive 


50.0 
51.0 
58.0 


S522 
57.8 
64.6 


SOM), 
41.3 
54.7 


GULF OF ALASKA Experiments 


Positive 


60.8 
W322 
74.5 


63.3 
77.0 
NOD 


52.8 
66.7 
65.5 


Percent 


Negative 


48.1 
44.9 
39.2 


41.9 
38.2 
31.8 


Son 
50.0 
yal 


Percent 


Negative 


39°2 
2329 
24.8 


BOn/ 
19.0 
19.8 


47.2 
26.7 
S27 


CAPER Experiments 
Water Mass 2 


Depth, Differences, ae Percent 
m n AT S Positive Negative 
ALL VISUALLY ACCEPTABLE PROFILES 
200 110 0.125 0.93 60.0 38.2 
300 105 0.198 0.90 64.8 39) 2 
400 98 0.202 0.89 Sy Hell 41.8 


PROFILE SET I 


200 52 0.146 0.15 82.7 Ih Ses) 
300 50 0.207 0.21 92.0 8.0 
400 46 OZ 0.26 78.3 19.6 


PROFILE SET IA 


200 37 0.063 0.09 Sel 18.9 
300 28 0.088 0.10 Soni 14.3 
400 20 0.017 0.08 50.0 4.50 


SUDS I 1972 Experiments 


Area C 
Depth, Differences, °C Percent 
m n AT S Positive Negative 

PROFILE SET I 

200 186 0.043 0.28 56.5 42.5 
300 182 -0.006 O22 40.1 S77 
400 176 0.034 0.22 47.2 Sil y 
PROFILE SET IA 

200 114 0.009 Ons 53.5 44.7 
300 112 -0.024 0.09 34.8 61.6 
400 100 ~0.019 0.08 37.0 61.0 


RAPLOC/DEEPTOW Experiments 


At Anchor 
Depth, Differences, xe Percent 
m n AT S Positive Negative 

PROFILE SET I 

200 107 0.098 0.34 57.0 41.1 
300 106 0.065 0.35 53.8 44.3 
400 104 -0.001 0.39 36.5 62.5 
PROFILE SET IA 

200 63 -0.003 0.10 49.2 47.6 
300 58 0.008 0.09 2 41.4 
400 43 -0.016 0.07 41.9 55.8 
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PERCENT 


ALL VISUALLY ACCEPTABLE PROFILES 


i 
| 
} 
t 


| 


{ Ree yh oe |. a 
200 METERS 
aN =110 


0} 


TEMPERATURE DIFFERENCE, C 


Figure B-3. Positive and negative ogives of CAPER water mass 2 temperature differences between average 
hydrocast and STD/SV and XBT profile measurements. 
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7) 
oc 
Ww 
Fr 
Ww 
= 
° 
f=) 
io) 


‘400 METERS 


+1.00 


PROFILE SET IA 


+1,00 


PROFILE SET | 


LN390u4Sd 


TEMPERATURE DIFFERENCES, “C 


Figure B-3 (Cont’d). 
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APPENDIX C 


Difference Between Average Hydrocast and STD/SV and 
XBT Profiles Extending to 400 Meters and Having an 
Independent Surface Temperature Measurement 
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Depth, 
m 


ALL VISUALLY ACCEPTABLE PROFILES 


0 
200 
300 
400 


PROFILE SET I 


0 
200 
300 
400 


PROFILE SET IA 


200 
300 
400 


Depth, 
m 


ALL VISUALLY ACCEPTABLE PROFILES 


0 
200 
300 
400 


PROFILE SET I 


0 
200 
300 
400 


PROFILE SET IA 


200 
300 
400 


n 


179 
179 
179, 
179 


82 
82 
82 
82 


60 
65 
60 


n 


oD 
92 
92 
92 


63 
63 
63 
63 


41 
36 
37 


Water Mass 2 


Differences, °C 


AT 


-0.163 
0.064 
0.103 
0.127 


-0.040 
0.034 
0.043 
0.050 


0.014 
0.001 
0.013 


S 


0.21 
0.22 
0.26 
0.26 


Ooo 2 


— — 
NOwWn fs 


0.07 
0.07 
0.07 


GULF OF ALASKA Experiments 


Fositive 


24.0 
oul! 
Dey) 
63.1 


39.0 
Sad 
Sos!) 
61.0 


41.7 
46.2 
Sos) 


GULF OF ALASKA Experiments 


Transition Water Mass 


Differences, °C 


AT 


-~0.077 
0.113 
0.147 
ORS 


0.024 
0.161 
0.142 
0.135 


0.039 
0.046 
0.047 
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Ss 


0:23 
0.28 
0.23 
0.21 


Positive 


Percent 


Negative 


2p 
45.8 
SOP 
S40) 


54.9 
45.1 
40.2 
43.1 


56.7 
47.7 
40.0 


Percent 


Negative 


60.9 
35-9 
Zell 
19.6 


44.4 
23.8 
14.3 
1549. 


34.1 
19.4 
24.3 


Depth, 
m 


ALL VISUALLY ACCEPTABLE PROFILES 


0 
200 
300 
400 


PROFILE SET I 


0 
200 
300 
400 


PROFILE SET IA 


200 
300 
400 


Depth, 
m 


PROFILE SET I 


0 
200 
300 
400 


PROFILE SET IA 


200 
300 
400 


n 


62 
62 
62 
62 


11 
11 
11 
11 


8 
8 
3 


n 


ats) 
115 
115 
115 


76 
64 
69 


CAPER Experiments 


Water Mass 2 


Differences, °C 


AT 


0.245 
0.146 
0.185 
O25 


0.106 
Onlz3 
0.167 
0.217 


0.076 
0.126 
0.087 


SUDS I 1972 Experiments 


S 


1.00 
1.10 
1.09 
1.07 


0.19 
0.10 
0.09 
0.10 


0.06 
0.06 
0.03 


Area C 


Differences, °C 


An 


0.043 
0.026 
—0.074 
-0.025 


0.018 
-0.020 
-0.011 


0.11 
0.09 
0.09 


Positive 


Sie 
DILEG 
50.0 
54.8 


Uo 
100.0 
100.0 
100.0 


100.0 
100.0 
100.0 


Positive 


60.9 
58.3 
SS 
Bie}e5) 


B/S) 
40.6 
395 


Percent 


Negative 


62.9 
46.8 
50.0 
45.2 


BU cS) 
0.0 
0.0 
0.0 


0.0 
0.0 
0.0 


Percent 


Negative 


5)S)) 
SOF 
63.5 
60.9 


38.2 
57.8 
59.4 


RAPLOC/DEEPTOW Experiments 


At Anchor 
Deptt Differences, ZC Percent 
m n AT S Positive Negative 

PROFILE SET I 

0 80 0.053 0.15 62.5 28.8 
200 80 0.002 0.35 42.5 5)5) (0) 
300 80 0.038 0.36 47.5 50.0 
400 80 -0.026 0.41 30.0 70.0 
PROFILE SET IA 
200 50 -0.020 0.09 41.2 54.9 
300 42 -0.003 0.10 50.0 45.2 
400 29 0.023 0.07 37.9 62.1 
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APPENDIX D 


Differences Between Quasisimultaneous XBT 
and STD/SV Measurements 
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Time ; 5 
XBT Ditterence Temperature Difference, C 


No. min Surface 200 300 400 
GULF OF ALASKA 


A140 0 0.15 0.03 
43 5 0.41 0.33 0.33 0.29 
A2-18 30 -0.13 -0.06 -0.05 0.03 
21 0 -0.15 -0.10 -0.02 -0.05 
23 22 -0.10 -0.03 0.35 0.33 
ES1-10 30 -0.09 Ons 0.11 0.07 
26 30 -0.10 0.00 0.06 0.00 
31 30 0.11 -0.03 -0.01 0.02 
42 30 = 0) (055) -0.07 -0.01 0.01 
49 0 0.05 0.01 0.09 0.00 
56 30 -0.08 -0.17 -0.10 -0.11 
68 15 —Osiul 0.09 0.15 ORS 
78 30 0.06 0.00 0.00 -0.03 
84 10 0.28 0.09 -0.13 -0.07 
89 30 -0.34 -0.06 -0.12 -0.05 
OY 30 -0.10 0.14 0.13 0.08 
102 30 0.04 0.34 0.25 0.20 
iy 20 -0.14 0.17 0.10 0.07 
124 25 0.28 0.15 0.11 0.14 
129 20 0.19 0.21 0.17 0.21 
138 15 0.31 0.16 0.24 0.20 
146 30 0.26 0.79 0.90 OST 
SZ 0 0.11 -0.01 0.16 0.13 
A4-31 30 -0.13 -0.18 -0.12 ~0.06 
ES2-35 10 -0.40 0.03 0.02 0.11 
49 25 -0.07 ~0.41 -0.12 -0.08 
SZ 28 -0.30 ~0.09 0.00 0.02 
SUDS I 1972 

81L ihe) 0.04 -0.07 -0.18 
2358 15 0.08 0.18 0.10 0.31 
241L 20 OF -0.01 0.14 -0.21 

CAPER 

28M 30 0.07 0.15 0.52 0.33 
29M DS 0.12 0.22 0.40 0.24 
30M 0 0.22 0.22 0.25 0.03 
33M 21 -0.03 0.08 0.10 0.06 
55M 8 ~0.83 -1.02 -0.98 ~0.79 
69M Dy -1.64 -0.97 ~0.87 -0.85 
71M 10 -1.39 -1.34 -1.19 
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Time 
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Temperature Difference, °C 


XBT Difference, 
No. min Surface 200 300 400 
CAPER (Continued) 
72M 15 -1.31 -1.27 -1.08 
76M 5 -0.96 0.19 0.04 0.40 
78M p) 0.04 0.91 
81M 16 2.19 DESY 2.49 2.66 
83M 0 2.56 2.70 2.88 
87M 25 PAT 2.36 2.38 DDS 
94M 6 0.72 1.85 2.00 2.18 
96M 0 -1.71 -0.68 -0.42 -0.22 
101M 0 -1.48 -1.08 -0.90 -0.78 
103M 15 -1.72 -0.88 -0.89 -0.83 
104M 15 -1.88 -1.16 -0.77 -0.73 
107M 5 -1.19 -0.97 -0.80 -0.65 
110M 17 -1.60 -0.94 -0.76 -0.79 
RAPLOC/DEEPTOW 
10A 5 OFT 0.25 0.16 0.09 
ITN 0 0.14 OWS -0.15 -0.07 
12A 0 0.07 -0.26 -0.14 0.01 
18A 10 0.02 -0.18 -0.20 -0.15 
19A 5 0.05 0.05 0.00 -0.03 
20A 6 0.01 -0.12 -0.20 -0.16 
21A 3 0.49 0.10 -0.12 -0.12 
30A 5 0.00 0.40 0.24 0.30 
7B 5 0.05 -0.02 -0.17 -0.09 
8B 0 0.08 0.05 0.05 0.06 
9B 0) 0.07 0.21 0.41 0.27 
10B 10 0.07 -0.18 -0.21 -0.17 
11B 5 -0.06 -0.05 -0.05 -0.02 
12B 6 0.00 -0.14 -0.20 -0.13 
13B 3 0.03 -0.11 -0.16 
14B 5 0.01 0.16 OME, 0.00 


APPENDIX E 


Temperature Differences Between Simultaneous XBT 
and Thermistor Chain Measurements 


167 


9, ‘SONSY3SIIG SUNLVH3AdW3L 9, ‘SYNLVYadW3L 
Ol+ G'O+ 0 g'0- 
ETE suiv ain £4 aa 2] 


| pasoud 
Ht L Nn 


[Se] 
iesleal ical aoeeued a 


OL 


' 


spate 


al i 


i 
T 


Tele 
i T H 


u : 


i 
Tae 
seal 
[Sie 


an 
jp 


Be SNvOS BLE=N ~ 


168 


Oo. ‘SONSYSsASIO SYNLVYAdWAL 0, FHNLVHadW3L 


fo} 
alte "O+ g 
y i By = - if i —y iif i f a tH a * ose 
SEES sulv ali ee 
gee © JWdOUd se 
L NOY Beseeeeee : 
NOT S 
i 
SHETE i : Ht y 
ai EEG SNWOS SSZI = N 
c Hy Pre! Tena sae! SSH aH opt lo 


169 


9, “JONSYSSSIG SUNLV Ad L 
g'0- 


i IL | ! 
ips Vesicle es |e a ie ao) ee ee E 
‘GNIMGW3H LONY-OL-z tet Eh Ee 


oaeae | es ee 


€aWsOdd +} 


ZNAY DPT 


ENOlLWIs 


1 


Sa Ho 
i 


SS = 


170 


9, ‘SONSY3ISIG FUNLVYadN3AL 


G'O+ 


-ONIMTIWL 


LOND-ZL-OL | 


S'0- 


9, "SYUNLVYAdWAL 


€ 31!1d0ud 
&NNY- 


HT 


ay 


+t 


£ NOILV1s- 


pe eS 


171 


9, “JONSYASSIC SYNLV Ad 


OL+ g'O+ 


0 


S'0- 


9, JHNLWYadN3L 


“LOND-O1-2 


_ GNIMGVSH: TT TTT] 


Lf 


€ 411dOud | 


bv NNY 


£NOLLVLS 


[Ty 


+ 00z 


os 


“po ESNVOS peel =N = | 


172 


0, ‘SONaYASAIC AUNLVYAdNSL 9 ‘SJYNLVYadW3L 


° 


0Sz 
(aa ae se ety 
iat delete eth chet 
— GNIMTIWL LONDHZ eel : Fag 
| aL AS 
ae €41140ud — ‘al E aoe 
¢ Nay — ReReeens 


€ NOILVLS | 
meee a 


| 


dt td ea 


OsL 


| 


I ES 


Le 
t 
i 
Ie 
| 
i 
t 
i 
i 
| 
1 
it 


telly 


oy os 


aL 


CE ERS esas 
~ SNWOS 9822 = N 7 


i} 
ee 


0 


173 


0, ‘JONAH3AAIC FYNLVYsdN3L O, AHNLVYAdWAL 


0Sz 


g'0- 
E 


GNIMTIVL LONDIHL-€ 


L NAY 
vp NOILWIS. 


wis 


! 


=a aiatasal asta onl alice et 


a —[-- ee 


i 


174 


CGNIMGW3H LON>-8 


= 


0, ‘JONAYASSIC AYNLVYAdWSL 0, SYNLVYadW3L 


SO+ 


S'0- 


c NNY 


— PNOILWLS © 


| 
aq 

| 

t 


|: 
=) 

| 

| 


N i 


OSL 


175 


OL+ 


9, "JONSYSSSIC SUNLVYAdWAL 


9, ‘SHNLVHadWAL 


G'O+ s'0- Ol- Si 
le: en seas a alenen male! — nee 
1692 LAX - i 
lk NIMTIWL LON-6-S 9] i} 
ne EE ENAY ede 
orf yNOllwis. [| 
a} — F ; cil | | 
r i 002 
nee ost 
. i oS 
i = 
i 
one | : 
{ ; | . 
pod d | oo. etl fe ~ 
| a ——--400L z 
ae 
; 
(ans | 
! ae 


1 


SNVOS £62 = N 


9, ‘SONANS4dIG AUNLVHAdNAL 


s'0- 


Re 


NIMQV3H LON-01-8 
y NAY 


0, ‘SHNLVWYadW3aLl 


° 


1692 18x © | 


p NOILVLS > f 


w‘'H1d3G 


177 


APPENDIX F 


Statistical Summary for Comparisons from the Surface to 90 m 
of Simultaneous XBT Profiles and Thermistor Chain 
Scans Made Underway at 3 knots 
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Station 3 
run | 


Station 3 
run 2 


Station 3 
run 3 


Station 3 
run 4 


Station 3 
run 5 


Station 4 
run | 


XBT 
Number 


186L 
187L 
189L 
190L 
191L 
192L 
193 1e 
194L 


196L 
197L 
198L 
LOS 
200L 


201L 
202L 
204L 
ZONE 
206L 
ANTAL 
208L 


209L 
210L 
ZAWE 
PNA, 
2310 
214L 
Zilisile 
216L 
ANAL 
218L 


PINE 


Difference, °C 


Average 


0.03 
0.00 


179 


Standard 
Deviation 


Positive 


12 
10 


Number of Differences: 


Negative 


— 


SH OF KEK [WK ACW H[NOOWORHK OOK OI/NO NOH 


— vi 


Difference, °C 


XBT Standard Number of Differences: 

Number Average Deviation Positive Negative 
249L -0.10 0.07 2 15 
250L -0.20 0.08 0 17 
AS MIL -0.02 0.07 5 12 
PISA, -0.12 0.12 2 15 
Sat trap A 253L -0.02 0.11 6 11 
a5 254L -0.18 0.09 0 17 
i 255L -0.06 0.06 D 15 
256L -0.09 0.07 1 16 
DSvie 0.12 0.07 16 1 
259L 0.05 0.09 14 3 
260L 0.12 0.07 16 1 
261L 0.17 0.06 1 0 
262L 0.11 0.08 15 2 
Station 4 263L 0.17 0.07 17 0 
run 3 264L 0.25 0.06 17 0 
265L 0.25 0.07 17 0 
267L 0.23 0.11 17 0 
268L 0.09 0.04 17 0 
Station 4 270L -0.02 0.13 8 9 
run 4 271L 0.08 0.10 14 3 
2721: -0.05 0.07 4 13 
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APPENDIX G 


Temperature Differences and Gradient 
Biases for Selected XBT Profiles 
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Ee °C/100 m 
XBT Number 200 m 300 m 400 m 200-300 m 300-400 m 
GULF OF ALASKA 
water mass 2 
IT-18 1.04 1.00 0.88 -0.04 -0.12 
IT-21 0.71 0.65 0.68 -0.06 0.03 
IT-23 0.30 0.47 0.50 OY 0.03 
ES1-65 0.90 0.50 0.43 -0.40 -0.07 
GULF OF ALASKA 
transition water mass 
IT-30 0.58 0.35 0.26 -0.23 -0.09 
IT-32 0.69 Oi 0.19 -0.48 -0.02 
A2-2 0.50 0.25 0.24 . -0.25 -0.01 
A2-14 Ossi Oi 0.69 0.20 0.18 
ES1-2 0.67 0.45 0.25 -0.22 -0.20 
ES1-2a 0.69 0.31 0.40 -0.38 0.09 
ES1-13 OSs 0.37 0.30 -0.16 -0.07 
ES1-16 0.56 0.37 0.32 -0.19 -0.05 
ES1-146 0.91 0.97 0.95 0.06 -0.02 
ES1-158 0.87 0.19 0.26 -0.68 -0.07 
A3-6 0.50 0.30 0.24 -0.20 -0.06 
SUDS I 1972 
area C 
186L 0.55 0.20 0.08 -0.35 -0.12 
188L -0.66 -0.66 -0.37 0.00 0.29 
214L 0.50 O27 OAS -0.23 -0.12 
DSL -0.50 -0.23 -0.14 0.27 0.09 
256L -0.66 -0.31 -0.20 O35 0.11 
266L 0.43 0.42 0.54 -0.01 0.12 
269L 0.35 0.39 0.56 0.04 0.17 
27s 0.15 0.47 0.50 0.32 0.03 
282L -0.04 0.05 0.64 0.09 0.59 
98D 0.53 -0.12 0.30 -0.41 0.42 
100D 0.73 0.44 0.43 -0.39 -0.01 
103D 0.50 0.72 0.66 0.22 -0.06 
110D -0.64 -0.27 -0.29 OS} 7/ -0.02 
122D 0.58 0.40 0.44 -0.18 0.04 
127Da 0.36 0.41 0.59 0.05 0.18 
128D 1.09 0.36 0.70 -0.73 0.34 
132D 0.54 0.43 0.65 -0.11 (0)? 
134D (0) yi 0.90 0.57 0.39 -0.33 
70C OL S7/ 0.03 -0.08 -0.54 -0.11 
86C -0.52 -0.30 -0.05 0.22 0.25 
100C 0.84 


Temperature Difference 
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Temperature Gradient Biases 


Temperature Difference Temperature Gradient Biases 


AG °C/100 m 
XBT Number 200 m 300 m 400 m 200-300 m 300-400 m 
CAPER 
water mass 2 
56D 0.34 0.32 0.66 -0.02 0.34 
58D 0.17 0.17 0.53 0.00 0.36 
81D 0.09 1.05 0.96 
83D 0.02 0.90 1.42 0.88 0.52 
102D 0.52 0.35 -0.07 -0.17 -0.42 
RAPLOC/DEEPTOW 
at anchor 
3A 0.49 0.76 0.51 0.27 -0.25 
4A 0.54 0.57 0.55 0.03 -0.02 
24A 0.78 0.39 0.43 -0.39 0.04 
25A 0.53 0.28 0.29 -0.25 0.01 
27A 0.79 0.47 -0.32 
31A 0.61 0.28 0.17 -0.33 -0.11 
43A 0.52 0.25 0.13 -0.27 -0.12 
50A -0.19 0.53 0.68 0.72 0.15 
55A 2.01 2133 3.02 0.32 0.69 
61A 0.80 0.73 0.78 -0.07 0.05 
68A -0.73 0.15 0.25 0.88 0.10 
3B 1.08 1.28 1.02 0.20 -0.26 
44B 0.92 0.86 0.53 -0.06 -0.33 
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RAPLOC/DEEPTOW XBT 55A: Largest positive differences at 200, 300, and 
400 m 
Largest 300-400-m positive gradient bias 


Calibration correction: 0.09°C 
200-m difference: 2Oil 
300-m difference: 3202 


200-300-m gradient bias: 0.32°C/100 m 
300-400-m gradient bias: 0.69 
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RAPLOC/DEEPTOW XBT 3B: 


Calibration correction: 
200-m difference: 
300-m difference: 
400-m difference: 


200-300-m gradient bias: 
300-400-m gradient bias: 
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Second largest positive difference at 300 m 
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Second largest positive difference at 400 m 


CAPER XBT 83D: 


me 


=0.11 


Calibration correction: 
200-m difference: 


0.02 
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300-m difference: 
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400-m difference: 
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-m gradient bias: 


300-400-m gradient bias: 
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Largest negative difference at 200 m 
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200-300-m gradient bias: 
300-400-m gradient bias: 


Calibration correction: 
200-m difference: 
300-m difference: 
400-m difference: 


RAPLOC/DEEPTOW XBT 68A: 
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SUDS11972 XBT 188L: Largest negative difference at 300 and 400 m 


Second largest negative difference at 200 m 


Calibration correction: 0.04°C 
200-m difference: -0.66 
300-m difference: -0.66 
400-m difference: -0.37 


200-300-m gradient bias: 0.00°C/100 m 
300-400-m gradient bias: 0.29 
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SUDS11972 XBT256L: Second largest negative difference at 200 m 


Calibration correction: 
200-m difference: 
300-m difference: 
400-m difference: 


200-300-m gradient bias: 


300-400-m gradient bias: 
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SUDSI1972 XBT110D: Second largest negative difference at 400 m 


Calibration correction: 
200-m difference: 
300-m difference: 
400-m difference: 


200-300-m gradient bias: 
300-400-m gradient bias: 
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Largest 200-300 m positive gradient bias 


CAPER XBT 81D: 


-0.04°C 
0.09 


Calibration correction: 
200-m difference: 


1.05 


300-m difference: 


400-m difference: 


0.96°C/100 m 


200-300-m gradient bias: 


300-400-m gradient bias: 
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SUDS11972 XBT128D: Largest 200-300 m negative gradient bias 
Second largest positive difference at 200 m 


Calibration correction: | -0.29°C 
200-m difference: 1.09 
300-m difference: 0.36 
400-m difference: 0.70 


200-300-m gradient bias: -0.73°C/100 m 
300-400-m gradient bias: 0.34 
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SUDS11972 XBT 134D: Largest 300-400 m negative gradient bias 


Calibration correction: 
200-m difference: 
300-m difference: 
400-m difference: 


200-300-m gradient bias: 
300-400-m gradient bias: 
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RAPLOC/DEEPTOW XBT 44B: Largest 300-400 m negative gradient bias 


Calibration correction: -0.01°C 
200-m difference: 0.92 
300-m difference: 0.86 
400-m difference: 0.53 


200-300-m gradient bias: -0.06°C/100 m 
300-400-m gradient bias: -0.33 
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APPENDIX H 


Comparison of Simultaneous XBT Measurements 
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10 
20 
30 
50 
Ts 
100 
125 
150 
200 
250 
300 
400 


Layer 
Depth 


Temperature (°C) and Isothermal Layer Depth (m) Differences Between 


Simultaneous XBT Measurements Taken at 5 knots During ORB-3 


XBT Profile Pair 


0.06 0.04 
0.19 0.06 
0.21 0.13 
0.32 0.10 
0.21 0.04 
0.12 0.49 
-0.04 -0.05 
0.27 -0.15 
0.06 -0.20 
-0.04 0.01 
-0.03 

0.07 

-3 =l 


7T* 


0.02 
0.17 
0.23 
0.13 
0.09 
0.04 
-0.02 
0.03 
0.03 
0.00 
0.07 
0.09 
0.00 


g* 


0.03 
0.09 
0.21 
0.13 
-0.24 
~0.15 
-0.10 
-0.21 
~0.07 
-0.06 


XBT Profile Pair 


Nose Me 
0.09 0.07 
O12), 4.0.10 
0.14 0,09 
Oh (OL07 
0.06 0.05 

Sp 2720.20 
Oy) Oe 
0.20) 59.0.25 
0.08 0.43 
O14) 10185 
O15) 039 

0.21 
0.38 
-2 -3 
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18* 


-0.01 
0.09 
0.09 
0.03 
0.09 
0.28 
Only 
0.16 
0.30 
0.23 
0.32 
0.30 


OE 


0.10 
0.07 
0.04 
0.02 
0.02 
0.36 
-0.01 
~0.13 


DOES 


as 


0.07 
0.06 
-0.05 
0.06 
0.09 
-0.03 
0.01 
-0.05 


Temperature (°C) and Isothermal Layer Depth (m) Differences Between 


Simultaneous XBT Measurements Made at Anchor During ORB-3 


XBT Profile Pair 


Depth, 
m 24* Dries 26 20) 28* Ds 30 Biles By 
0 0.33 0.02 O22 0.01 0.07 0.02 0.23 0.05 -0.20 
10 -0.01 -0.02 0.37 0.10 0.00 0.18 7 0.10 -0.16 
20 -0.01 -0.01 0.46 0.14 0.08 0.18 0.17 0.04 -0.19 
30 0.00 -0.01 0.49 0.39 ORS 0.09 .0.22 -0.07 -0.14 
50 -0.03 0.06 0.53 OPT 0.10 0.01 0.18 -0.04 -0.18 
75 0.40 0.53 0.81 0.45 0.23 0.37 0.14 -0.13 
100 O22 0.30 0.53 0.22 0.10 0.44 -0.04 -0.32 
125 -0.02 0.37 0.46 OMA 0.11 0.27 -0.01 -0.21 
150 -0.09 ORS 0.38 0.24 0.04 0.37 OO 005) 
200 -0.04 0.08 0.23 0.21 -0.03 0.22 -0.03 -0.39 
250 -0.03 Om 0.50 0.08 0.07 0.03 -0.53 
300 -0.09 0.12 0.24 -0.05 -0.05 -0.36 
400 -0.07 0.10 0.14 -0.12 0.07 -0.49 
Layer 
Depth ) 1 -] -| 3 2 6 1 -5 
Depth, XBT Profile Pair 
m Bois 34* Bilis Soe Bos ADs 43 44* 45* 
0) 0.05 -0.08 0.04 -0.01 0.02 0.11 0.72 -0.04 -0.05 
10 0.01 0.01 0.00 0.04 0.02 0.06 0.10 0.00 0.04 
20 0.01 0.01 0.01 0.10 0.07 0.21 0.30 0.03 0.04 
30 0.10 0.00 0.03 0.12 0.12 0.16 0.34 0.08 0.04 
50 0.30 -0.01 -0.10 -0.06 0.06 0.20 0.47 -0.04 0.03 
WS 0.10 0.00 0.13 0.11 0.16 0.10 0.45 0.08 0.29 
100 -0.12 -0.07 0.03 0.08 0.06 0.14 0.49 0.05 0.08 
125 0.14 -0.02 0.07 0.00 0.00 0.19 0.42 0.13 0.02 
150 0.14 -0.03 0.00 0.03 0.05 0.19 0.45 0.10 0.06 
200 0.09 -0.02 0.03 0.04 0.12 0.55 0.06 0.00 
250 0.14 0.10 -0.01 -0.01 0.16 O52 0.05 0.09 
300 0.13 0.00 0.03 -0.06 0.04 0.36 0.01 -0.09 
400 0.01 -0.05 010277080 0.07 0.33 0.28 -0.18 
Layer 
Depth —-4 -3 -] -2 2 0) ] —2 Tl 
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XBT Profile Pair 


49 


0.28 
0.13 
0.02 
0.11 
0.35 
0.23 
0.06 
0.10 
0.07 
0.03 
0.09 
0.05 
0.02 
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50* 


0.04 
0.13 
0.18 
0.13 
0.03 
0.04 
-0.02 
Onl 
-0.02 
-0.08 
-0.07 
~0.08 
-0.15 


-3 


52 


-0.14 

0.02 
-0.13 
-0.14 
-0.20 
-0.05 
-0.26 
~0.38 
-0.38 
-0.35 
-0.30 
-0.37 
-0.29 


i) 


Temperature (°C) and Isothermal Layer Depth (m) Differences Between 


Simultaneous XBT Measurements Made at Anchor During RAPLOC/DEEPTOW 


Depth, 
m il 
0 0.02 
10 0.12 
20 0.13 
30 Onis 
50 0.03 
iS 0.18 
100 0.14 
25 0.19 
150 0.20 
200 0.22 
250 0.18 
300 0.30 
400 OWS 
Layer 
Depth l 
Depth, 
m 10* 
0 -0.01 
10 0.00 
20 -0.04 
30 0.02 
50 0.02 
WD 0.27 
100 0.21 
IS 0.13 
150 0.17 
200 ON 
250 0.13 
300 0.13 
400 0.10 
Layer 
Depth 2 


XBT Profile Pair 


4 


0.00 
=0711 
-0.20 
=013'5 
-0.65 
-0.62 
-0.61 
-0.71 
-0.65 
-0.47 
=0156 
-0.55 
-0.26 


-3 


S* 


-0.05 
0.10 
0.08 
0.08 

=0'25 

-0.03 
0.00 

-0.08 

-0.06 


6* 


0.11 
0.01 
0.10 
0.17 
0.36 
0.15 
OF25 
0.10 
0.02 
0.10 
0.04 
0.05 
-0.01 


=ll 


XBT Profile Pair 


QE 


3% 


O26 
0.10 
0.16 
0.07 
0.16 
-0.04 
0.07 
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14% 


-0.12 
-0.05 
0.07 
0.13 
-0.20 
=0.,02 
-0.04 
-0.07 
-0.04 
0.03 
0.04 
-0.10 
-0.14 


eas 


0.05 
0.10 
0.20 
0.30 
0.64 
0.48 
0.42 
OST 
0.31 
0.15 
0.25 
Ops) 
0.16 


NO 


iw) 


100 
125 
150 
200 
250 
300 
400 


Layer 
Depth 


20* Pele 
-0.05 0.00 
0.00 -0.01 
0.15 0.02 
0.10  -0.05 
0.01 -0.11 
0.18 0.29 
0.24 0.46 
0.13 0.22 
0.07 0.24 
0.17 0.11 
0.06 0.08 
0.16 0.22 
0.26 0.02 
2 10 
29% 305 
0.15 0.06 
0.14 0.06 
0.10 0.09 
0.10 0.08 
0.56 1293 
0.66 0.74 
0.73 0.42 
0.06 0.49 
0.27 0.10 
0.01 0.05 
0.08  -0.06 
0.03 -0.05 
0.00 -0.06 
5 6 


XBT Profile Pair 
22 23% 24* 


0.01 0.10 0.19 
0.02 0.07 O27 
0.03 0.10 0.19 
Oa 0.12 0.16 
0.19 0.17 0.00 
0.24 0.20 0.12 
0.46 0.19 0.10 
0.27 0.12  -0.01 


043. 0.16 
0.40 0.07 
0:37)" 0.08 
0.29 0.00 
O02 O08 
2 4 9) 


XBT Profile Pair 
Bilis 3+ 33 


0.08 0.17 0.13 
0.04 Os3 0.20 
0.05 0.18 0.14 
0.02 0.24 0.12 
0.15 0.21 033 
-0.14 0.44 1.65 
-0.35 0.36 1n95 
-0.29 0.18 OF, 
~0.03 0.15 2.07 
~0.24 0.31 2.03 
-0.18 0.14 2.24 
~0.23 0.19 2.42 
-0.12 0.13 3.01 
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XBT Profile Pair 


40* 


0.14 
0.14 
0.20 
0.10 
(O33 
0.16 
0.09 
OM 
0.11 
0.02 
0.06 
0.01 
0.00 


NO 


41* 


= (ule 
-0.10 
Oi 
=On1t 
-0.17 
-0.18 
=O) 
-0.35 
-0.30 
ND 
-0.20 
2022 
-0.16 


-4 


42* 


0.16 
Ons 
0.09 
0.03 
-0.29 
-0.13 
-0.22 
-0.19 
-0.16 
-0.16 
-0.20 
~0.25 
—0.19 
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